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Abstract

We present the discovery potential of a heavy new resonance decaying into a pair of
leptons with early LHC data with the ATLAS detector. The dilepton final states are robust
channels to analyze because of the simplicity of the event topology. The unprecedented
available center-of-mass energy will allow one to probe regions that are inaccessible at pre-
vious experiments even with modest amounts of data. After studying the Standard Model
predictions and the associated uncertainties one can then look for significant deviations as
indication of beyond the Standard Model physics (BSM). The focus of the note is to study
the prospects for discovering BSM physics in the dilepton final states with an integrated
luminosity ranging from 100 pb~! to 10 fb~!.
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DILEPTON RESONANCES AT HIGH MASS

1 Introduction

New heavy states forming a narrow resonance decaying into opposite sign dileptons are predicted in
many extensions of the Standard Model: grand unified theories, Technicolor, little Higgs models, and
models including extra dimensions [1-4]. The discovery of a new heavy resonance would open a new
era in our understanding of elementary particles and their interactions. Because of the historic impor-
tance of the dilepton channel as a discovery channel and the simplicity of the final state, these channels
will be very important to study with early ATLAS data. The strictest direct limits on the existence of
heavy neutral particles are from direct searches at the Tevatron [5, 6]. The direct searches are limited
by the available center-of-mass energy and are expected to ultimately be limited to about 1 TeV at the
Tevatron [7].

The LHC will have a center-of-mass energy of 14 TeV which should ultimately increase the search
reach for new heavy particles to the 5 - 6 TeV range. There are lot of exotic models which can be tested
at the LHC and analyzing all the existing models is impossible. Instead we choose to take a different
approach, grouping the early-data analysis by their final state topologies. There have been several other
ATLAS studies evaluating the potential for discovery of a heavy resonance [8]. However, this is the
first study to include full trigger simulation, misalignments, and data driven methods. Including these
experimental issues is important to realistically estimate the analysis potential. We limit ourselves to the
’early data phase’ of the experiment, defined roughly to include the accumulation of up to 10 fb~! of
ATLAS data.

In the remaining of this introduction, the investigated models are reviewed. In sections 2 and 3,
we explore the detector performance concerning the electron, muon and tau reconstruction abilities at
high energies and the corresponding trigger efficiencies. In section 4 we investigate the Standard Model
predictions and associated uncertainties. After understanding the background sources and the Standard
Model limits and its uncertainties, we proceed to search for Exotic resonances in section 5.

1.1 Models Predicting a Z’

Several models [1, 3] predict the existence of additional neutral gauge bosons. Grand unified theories as
well as “little Higgs” models predict their existence as a manifestation of an extended symmetry group.
Strongly interacting theories such as “Top Color” models predict these to help explain the heavy mass
of the top quark. Generically, however, there are no predictions for the mass of these particles. Since
the experimental consequences of these is very similar in the dilepton final state we examine only some
representative models: the Sequential Standard Model (SSM)!), the Eg and the Left-Right Symmetric
models [9]. The width of the Z’ boson is given by I'(Z' — ¢707) ~ [(gR)? + (¢5)*] 5 where gF and g&
are the right and left handed couplings of the charged leptons to the Z’ boson and my is the mass the
Z' boson. For the masses and couplings considered here the natural width is typically around 1% of the
mass of the resonance.

The strictest limits from direct searches come from the DO and CDF experiments at the Tevatron [6].
Indirect searches have also been undertaken by the LEP experiments [10]. The direct limits range from
several hundred GeV to approximately 1 TeV and are shown in Table 1.

These limits are not expected to improve much beyond 1 TeV [7]. It should be noted that for models
where the Z' couples preferentially to the third generation the limits are lower, therefore we consider it
important to look at a lower invariant mass region in this channel.

DThe Sequential Standard Model includes a new heavy gauge boson with exactly the same couplings to the quarks and
leptons as the Standard Model Z boson.
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DILEPTON RESONANCES AT HIGH MASS

Z' Model | Indirect Searches (GeV) Direct Searches (GeV)
ete Colliders | p*p~ Colliders
Z;C 680 781 822
Z{I, 481 366 822
Z% 619 515 891
Z] rsm 804 518 -
Zisy 1787 1018 923

Table 1: 95% C.L. limits on various Z' models.

1.2 Randall-Sundrum Graviton

The Randall-Sundrum [4] model addresses the hierarchy problem by adding one extra-dimension linking
two branes, the Standard Model brane and the Planck brane. The hierarchy is solved by assuming a
warped geometry in the fifth dimension which decreases exponentially from the Planck scale to the TeV
scale. The Randall-Sundrum model predicts the existence of a tower of Kaluza-Klein excitations of
the graviton.These should be observable as resonances which decay into lepton pairs at the LHC. The
current limits depend on the parameters of the model but range from several hundred GeV to a TeV [5].
We consider the observability of a Randall-Sundrum graviton decaying into electron pairs. The width of
the graviton resonance would be very narrow. For the parameters considered here it ranges from 10~* to
a few 1073 times the mass.

1.3 Technicolor

Strongly interacting theories like Technicolor and Extended Technicolor provide a dynamical solution to
the problem of Electroweak Symmetry Breaking. Many new technifermions which are bound together
by a QCD-like force are predicted by such theories. One of the most promising search channels is
the dilepton decay of the pr¢ and wr¢c. Limits on the masses of these particles depend on the exact
parameters assumed for the model but range in the several hundreds of GeV. We study the “Technicolor
Strawman Model” or TCSM [11, 12] as a benchmark model for generic strongly interacting theories.
The width of the techni-mesons is dependent on the number of technicolors but is generally assumed to
be small, of the order of a few percent of their mass. More details on the exact values of the parameters
considered are discussed in a later section.

2 Object Identification and Performance

This section describes the requirements used to select objects for the analyses and summarizes findings
on the performance on the Exotic Monte Carlo samples.

2.1 Electron Identification

The electron identification and performance is described in detail elsewhere [13]; here we summarize the
results concerning very high transverse momentum (pr) electron identification and reconstruction. The
background to very high pr electron pairs is expected to be low, therefore only minimal selection criteria
need to be applied, in order to maximize the efficiency. These minimal criteria are called loose. On the
other hand, when trying to select very high pr 7 lepton pairs where one T decays hadronically, a tighter
selection on the electron from the other 7 decay is needed.
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DILEPTON RESONANCES AT HIGH MASS

On top of the minimal requirements that the reconstructed clusters should have an absolute pseudo-
rapidity (1) less than 2.5 and should be associated with a track reconstructed in the inner detector, two
electron selections were studied (both described in detail in [13]):

e A loose selection which is used to achieve very high efficiency while maintaining rejection against
highly energetic pions with wide showers.

e A medium selection, which makes further requirements to obtain better rejection against single
neutral pions by exploiting the very fine granularity of the first compartment of the electromagnetic
calorimeter, and tighter requirements on the associated track.

Figure 1 shows the efficiency of the two selections in a sample of 1 TeV Z' — eTe™ events as a

function of transverse momentum and pseudo-rapidity for clusters with py greater than 50 GeV and |7 |
smaller than 2.5. The inefficiency of the loose selection is dominated by the cluster to track association.
It must be noted that this efficiency will be improved in future software versions.

The energy resolution for electrons at high pr is about 1% except in the crack region between the
forward and central calorimeters where the resolution is about 5% . The probability to assign the wrong
charge to an electron ranges from 1% to at most 5% as the transverse momentum goes from 100 GeV to
1 TeV [14]. For a 1 TeV Z' a dielectron mass resolution of (0.80 +0.02)% is obtained.
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Figure 1: Efficiency of the loose and medium selection criteria in 1 TeV Z' — e*e™ events as a function of pr
(left) and n (right).

2.2 Muon Identification

Here we discuss the requirements used to select muons as well as a method to extract the identification
efficiency from data. The ATLAS detector has an excellent standalone muon spectrometer: muon tracks
can be found both in the inner detector and the muon spectrometer. A “combined” muon track consists
in matched track segments from both the muon spectrometer and inner detector. We require that a muon,
with pr > 30 GeV,

e forms a combined track (inner detector and muon spectrometer) with || < 2.5,
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DILEPTON RESONANCES AT HIGH MASS

e has a match ¥ < 100.0 (5 D.O.F) between the parameters of the inner detector and muon spec-
trometer track segments.

The muons in the 1 TeV Z’ sample have a most probable pr of about 500 GeV. An efficiency of (95 +
0.2)% with a resolution of approximately 5% is found with this selection. The results are consistent with
previous studies [15] [16].

The muon identification efficiency as a function of py has been determined using two methods. The
first method is the ’tag and probe’ method, which has been used successfully at the Tevatron. In this
method one uses a ’standard candle’ as an in situ calibration point. It involves selecting Z — pu events
and evaluating the reconstruction efficiency from data on these events. One combined muon is used as
the tag while an inner detector track is used as a probe track. One can then study how often the probe
muon also has a combined track to get an unbiased measurement of the combined muon reconstruction
efficiency. The reconstruction efficiency was measured by fitting to the dimuon invariant mass spectrum
and finding the fraction of events where the probe track was found as a combined track. A comparison
between this tag and probe method and Monte Carlo truth is shown in Fig. 2, demonstrating that we can
extrapolate this method into the very high pr range.

1= -
E—e—1- o3 ,_% I .
o 1 , [ §
0.9 —
0.8} .
0.7 :
0'6: - MCtruth ]
- ATLAS | ——Tag/Probe .
0.53020 50 60 100 200 300 400
p, (GeV)

Figure 2: Efficiency of muon reconstruction and identification as a function of pr from two different
methods (see text).

2.3 Tau Identification

The algorithm to reconstruct hadronically decaying 7 lepton candidates is described in [17]. It is
calorimeter based; it starts from a reconstructed cluster with a transverse energy? Er > 15 GeV and
then builds identification variables based on information both from the electromagnetic and hadronic
calorimeters, as well as from the inner tracker. Finally, an electron and a muon veto are applied.

The reconstruction efficiency, defined as the probability of a true hadronically decaying 7 to be
reconstructed as a cluster, and normalized to all true hadronically decaying 7 leptons with E7 >15 GeV

2)The transverse energy is defined as the energy multiplied by sin 8, where 0 is the angle between the beam axis and the

direction from interaction point to the cluster.
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DILEPTON RESONANCES AT HIGH MASS

inside the 1) acceptance, is flat as a function of 17 and ¢. The average efficiencies are summarized in
Table 2. Efficiencies for electron and muon vetos are given with respect to all reconstructed 7 leptons.
The electron and muon misidentification rates are normalized to true electrons or muons inside of the
acceptance (|n| <2.5 and E7 >15 GeV), respectively.

Events in || < 2.5 (87.1£0.1) %
Events in || < 2.5 AND Er >15GeV | (85.6 £0.2) %
Reconstruction (98.8 £0.1) %
Electron veto (99.3 £0.1) %
Muon veto (99.9 £ 0.0) %

Table 2: Reconstruction efficiency, efficiency of e/u-7-jet overlap removal for hadronically decaying
leptons from Z’' boson decays. The efficiencies for kinematic requirements are also given.

A likelihood is computed for each 7 candidate. The 7 likelihood combines information from the
calorimeter describing the shower shape and tracking information in a multivariate likelihood to maxi-
mize the discrimination from background. Detailed studies were done to optimize the T lepton efficiency
and jet rejection for the Z’ boson search. The results (shown in Table 3) were to have a pr-dependent
likelihood requirement, a requirement on the number of tracks, and a requirement on the transverse
energy.

Requirement Efficiency (%)

Et > 60 GeV 89.8 £0.2
AND 1< Nk <3 79.2£0.3
AND likelihood requirement 51.0£03

Table 3: Preselection and identification efficiency for Z' — 77 (m = 600 GeV). Efficiency is given with respect to
reconstructed hadronically decaying 7 leptons (after removal of overlap with electrons or muons).

3 Trigger

At a nominal luminosity of .Z = 103 ¢m=2s~! the interaction rate seen in the ATLAS detector will
be 40 MHz with around 25 interactions per bunch crossing [18], which is far too high to be written to
mass storage. The aim of the trigger systems is to reduce the rate to a more manageable 200 Hz while
maintaining a highly efficient selection for rare signal processes. Even at the initial luminosity of .¥ =
103! em~2s~ ! it will be a challenge to keep the trigger highly efficient for all important final states while
reducing the event rate. Several detailed trigger studies were undertaken for the dilepton final state. In
this section we summarize those results.

3.1 Electron Triggers

There are several proposed triggers which in principle can be used for the dielectron analysis. We consid-
ered four triggers: €55 - requiring one electron with pr > 60 GeV, €221 - requiring one isolated electron
with pr > 25 GeV, 2e12 - requiring two electrons with py > 15 GeV, and 2e12i - requiring two isolated
electrons with pr > 15 GeV.

Table 4 shows the efficiency at the three ATLAS trigger levels [18]: level 1 (L1), level 2 (L2), and the
event filter (EF) for a sample of graviton events. As can be seen in this table, the most efficient triggers
are the high pr triggers that do not require isolation.
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Signature Efficiency (L1/L2/EF) (%) Total Trigger Efficiency (%)
ebb 99.9+£0.0 | 9594+0.2 | 94.6+0.3 90.8+£0.3
e22i 859+0.3 | 96.4+04 | 83.94+0.3 80.9+0.4
2e12 99.94+0.1 | 84.9+0.5 | 85.5+0.3 72.6£0.6
2el12i 59.14+0.7 | 86.1£0.7 | 86.24+0.3 43.9+0.7

Table 4: G—ete™ (m = 500GeV) event trigger efficiencies with respect to loose electron offline selection.

Sample mu?20 Efficiency (L1/L2/EF) (%) Total Trigger Efficiency (%)
m =400 GeV pr/wr | 97.6 £0.1 | 98.8 £ 0.1 | 99.5 £ 0.1 96.0 + 0.1
m =600 GeV pr/wr | 98.1 £0.1 | 98.5+0.1 | 99.2 £+ 0.1 959 +0.1
m =800 GeV pr/or | 97.6 0.1 | 98.7 £0.1 | 99.2 £ 0.1 95.6 £ 0.1
m=1TeV pr/wr 97.6 £0.1 | 98.7£0.1 | 99.2 £ 0.1 95.6 £ 0.1
m=1TeV Z;C 97.8 £ 0.1 | 989+ 0.1 | 99.5 4+ 0.0 96.3 + 0.1
m=2TeV Zgg, 97.6 £0.1 | 98.7£0.1 | 98.9 £ 0.1 953+0.2

Table 5: Simulated trigger efficiencies of dimuon resonance samples with respect to offline selection.

3.2 Muon Triggers

For the dimuon channel we investigated the trigger efficiency for dimuon events using the single muon
20 GeV pr trigger mu20 [18] . Results for the various signal samples are shown in Table 5. Detailed
studies on ways to estimate the trigger efficiency were carried out and presented in [19]. It was found that
a tag and probe method, similar to the method described for the offline muon reconstruction, could be
used to extrapolate Z — uu results to high pr. In addition, efficiencies were obtained using orthogonal
triggers, giving a sample which was minimally biased with respect to the muon triggers. It was found
in [19] that these estimates agreed with both the tag and probe method and the results from the simulated
samples shown here. As can be seen from Table 5 the single muon triggers are highly efficient for any of
our signal samples with a total trigger efficiency around 95%.

3.3 Triggers for Taus

The 7 lepton decays to hadronic states in 65% of the cases, and the rest of the time to lighter leptons (e or
w). In our studies of ditau final states we select events triggered with a single lepton (e/ut) trigger. Thus,
we consider two true final states, which we denote e, and L 7},.

For the et channel we consider two triggers: e22i and e55, as studied in section 3.1. The u7,
events are selected using the mu20 trigger already used in section 3.2. Note that the efficiencies shown
here are lower than for the dimuon or dielectron channel. This arises because there is only one electron or
muon in the final state considered here while in the dielectron or dimuon final state either electron/muon
can trigger the event. Table 6 summarizes the trigger efficiencies.

Signature Efficiency (L1/L2/EF) (%) Total Trigger Efficiency (%)
e22i 85.2 £0.5 | 89.8 +£0.4 | 90.2 +0.3 69.1 £0.6
e55 90.0 £0.3 | 74.2 £0.4 | 78.7 £0.6 52.6 +£0.8
e22i oreb5 | 96.7 £0.1 | 88.7 £0.4 | 88.9 +0.3 75.5 +£0.5
mu20 79.8 £0.6 | 90.7 +0.4 | 97.5 +0.4 70.6 £0.5

Table 6: Trigger efficiency for different triggers for 7 leptons from m = 600 GeV Z’ bosons decaying to
eT, and U7y, final states with respect to offline selection.
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DILEPTON RESONANCES AT HIGH MASS

4 Standard Model Predictions and Uncertainties

In this section, we investigate the main background sources. We show the clear dominance of the neutral
Drell-Yan process. Then we investigate the Standard Model prediction for Drell-Yan production and
estimate its uncertainties which will be used in the Exotic searches in the next section.

4.1 Background Sources

The neutral Drell-Yan (DY) process constitutes the irreducible background in the search of new heavy
dilepton resonances. The dielectron reducible backgrounds result from the production of an electron in
the decays of W — ev and Z — ee or from the contamination jet—electron or photon—-electron. By
combining these effects in the dielectron case, one can list these reducible background sources: inclu-
sive jets, W+jets, W+photon, Z+jets, Z+photon, photon+jet and photon+photon. For a first estimation
of these backgrounds, we have used the event generator PYTHIA [20] to compute the differential cross-
sections as a function of the invariant mass of the object pair. On the left of Fig. 3 the resulting differential
cross-sections for the different backgrounds is shown. Here, the neutral Drell-Yan process is far below
most of the backgrounds. For each electron-candidate leg originating from a jet (photon) we apply a
rejection factor of R, j,; = 10* (Re—y = 10). We apply an additional requirement to take into account
the geometrical acceptance in which the electrons are identified, i.e. |n| < 2.5 and require at least one
electron with pr > 65 GeV. Assuming that a photon or a jet faking an electron has a probability of 50%
to be assigned a positive or a negative charge, we require the two electron-candidates to have opposite
charges. The resulting differential cross-sections are shown on the right of Fig. 3. This figure shows
that each contribution is at most 50 times smaller than the neutral Drell-Yan process. By loosening the
rejection factor by a factor 2 the sum of all the reducible backgrounds constitutes slightly less than 10%
of the neutral Drell-Yan process. Both the transverse momentum and the rapidity requirements play an
important role in reducing the QCD-jet background because it is produced mainly in the ¢-channel re-
sulting in jets with high rapidities. The top pair, WW, WZ and ZZ backgrounds are negligible, especially
when only their decay channel into two opposite charge electrons is taken into account.

The rejection factors p-jet and p-photon are higher than the ones corresponding to the electrons and
the resulting reducible backgrounds are lower. In the following, only the neutral Drell-Yan is considered
as a source of backgrounds in the dilepton channel. The ditau case is treated later.

4.2 Controlling the Standard Model Drell-Yan Cross-Section

The background estimations in the last section were performed with the PYTHIA event generator which
uses tree-level calculations of the cross-sections. The tree-level dilepton cross-sections are subject to
large higher order electroweak and QCD corrections. These are known at least to next-to-leading order
(NLO) of perturbation theory, not only for the Standard Model Drell-Yan process, but also for a number
of new physics processes. They have the additional benefit of reducing the uncertainty induced by the a
priori unknown renormalization and factorization scales g . In the following, we discuss in detail the
various known radiative corrections and the remaining theoretical uncertainties, focusing on the Standard
Model Drell-Yan process and the corrections to the tree-level cross-section.

4.2.1 NLO Electroweak Corrections

The electroweak corrections to the Drell-Yan process are known to NLO in the fine-structure constant
o [21,22]. Initial-state (IS) photon radiation must be factorized into the parton density functions (PDFs),
which in principle modifies the DGLAP evolution of quarks and gluons, but has in practice little effect on
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Figure 3: Background contribution to the e*e™ invariant mass spectrum: before selection requirements (left) and
after selection requirements (right)

the quality of the global fit [23]. Only at very large x and uZ can the correction become of the order of 1%.
Multiple IS photon emission can also be resummed, leading to a 0.3% modification of the cross-section
[24], or matched to parton showers [25]. The remaining IS QED contributions are also small, whereas
the photon radiation emitted by the final state leptons can have a significant impact on their mass (M)
and transverse momentum spectra as well as the forward-backward asymmetry Apg [26]. Fortunately,
in the vector-boson resonance region(s) these and the universal parts of the weak corrections, which can
amount to +80 (440) % for electron (muon) pairs below and —18 (—10) % above the resonance (see
Fig. 4), can be taken into account by using a running value of o (M?) or, more generally, effective vector
and axial vector couplings in the Effective Born Approximation. While the presence of new physics can
modify the running of the weak parameters, the QED corrections remain unaffected. The electroweak
corrections coming from non-factorizable box diagrams with double-boson exchange are small in the
resonance region(s), but they can be quite large away from the resonance(s) (—4 to —16 % for electron
pairs, —12 to —38 % for muon pairs of invariant mass 300 GeV to 2 TeV at the LHC, see Fig. 5).

4.2.2 NLO QCD Corrections

The QCD corrections to the Standard Model Drell-Yan process are known at NLO [27] and next-to-
next-to-leading order (NNLO) [28,29] in the strong coupling constant ¢. The latter include in principle
non-factorisable corrections through gq and gg initial states, which remain, however, smaller than 1% in
practice, even at small values of x, where the gluon density is large. The effects of multiple soft-gluon
radiation have been resummed simultaneously in the low-p7y and high-mass (around 1 TeV) regions at
next-to-leading logarithmic (NLL) accuracy not only for Standard Model Z-bosons [30], but also for
7' bosons [31], and shown to be in good agreement with the NNLO result as well as the one obtained
by matching NLO QCD to parton showers in MC@NLO (see Fig. 6) [31,32]. In contrast, the match-
ing of tree-level matrix elements to parton showers in PYTHIA [20] requires the ad hoc application of
a (slightly) mass-dependent correction (K) factor and leads to an unsatisfactory description of the pr
spectrum. For resonant spin-2 graviton production, which involves not only color-triplet quark, but also
color-octet gluon initial states, the NLO QCD corrections are substantially larger (K ~ 1.6) than those

10
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Figure 4: NLO electroweak corrections in the Z-boson resonance region for Standard Model electron
and muon pair production at the LHC [25].
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Figure 5: NLO electroweak corrections in the high-mass region for Standard Model electron and muon
pair production at the LHC [21].
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Figure 6: Mass (left) and transverse-momentum (right) spectra in PYTHIA with LO matrix elements
matched to QCD parton showers (circles), in MC@NLO with NLO matrix elements matched to the
HERWIG QCD parton shower (stars), and after matching the NLO QCD corrections to joint resummation
(full line). The mass spectra have been normalized to the LO QCD prediction, and the renormalization
and factorization scale uncertainties in the resummed predictions are indicated as shaded bands.

for Standard Model or extra neutral gauge bosons (K ~ 1.26) [33,34]. In this case, the matching of
matrix elements to parton showers has only been performed at the tree-level [35], and resummation has
only been performed in the low-pr region [34].

While the NLO total cross-sections for vector bosons and gravitons still change substantially when
the renormalization and factorization scales are varied simultaneously around the resonance mass M by
a factor of two (+£9%) [31,34], the scale uncertainty is reduced to the percent-level at NNLO [28,29] or,
alternatively, to 4+-6 and —3 % after joint resummation at the NLL order [31].

The theoretical uncertainty coming from different parameterizations of parton densities is estimated
in Fig. 7 [31] for invariant masses around 1 TeV. Since the invariant mass of the lepton pair is corre-
lated with the momentum fractions of the partons in the external protons, the normalized mass spectra
(left) are indicative of the different shapes of the quark and gluon densities in the CTEQ6M [37] and
MRST 2004 NLO [38] parameterizations. The latter also influence the transverse-momentum spectra
(right), which are slightly harder for MRST 2004 NLO than for CTEQ6M. The shaded bands show the
uncertainty induced by variations, added in quadrature, along the 20 independent directions that span the
90% confidence level of the data sets entering the CTEQ6 global fit [39]. With about +5%, the PDF
uncertainty is slightly larger than the scale uncertainty, but remains modest [31,40].

The uncertainty at low transverse momenta coming from non-perturbative effects in the PDFs is
usually parameterized with a Gaussian form factor describing the intrinsic transverse momentum of
partons in the proton. Three different parameterizations of this form factor have been proposed [41-43].
In all three cases the transverse-momentum distribution is changed by less than +3 and —6 % for py >
5 GeV [31].
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Figure 7: Mass (left) and transverse-momentum (right) spectra after matching the NLO QCD corrections
to joint resummation with CTEQ6M (full) and MRST 2004 NLO (dashed) parton densities. The mass
spectra have been normalized to the LO QCD prediction using CTEQ6L and MRST 2001 LO [36] parton
densities, respectively. The shaded bands indicate the deviations allowed by the up and down variations
along the 20 independent directions that span the 90% confidence level of the data sets entering the
CTEQ6 global fit.

4.3 Effect of Muon Spectrometer Misalignment

Atlarge pr (> 100 GeV), an important contribution to the muon resolution is the alignment of the muon
spectrometer. In the early data period, the resolution is expected to be dominated by the alignment. The
ultimate goal of the alignment system is to determine the position the chambers in the muon spectrometer
to about 40 microns and Gy, (mrad) = 0.506;,4,5(mm).

A detailed study was carried out in order to determine the effect of possible larger uncertainties in
the position of the chambers to the Z’' search. For the analysis, we have chosen 7 different hypotheses
of misalignment: (40um,20urad), corresponding to the target value of the alignment system, (100 pm,
50 urad), (200 um, 100 prad), (300 um, 150 urad), (500 um, 250 urad), (700 um, 350 prad) and
(1000 um, 500 urad). In the last two cases, the alignment resolution is of the order of or higher than the
track sagitta we want to measure.

As shown in Fig. 8, the dominant effect leading to a wash out of the signal is the resolution loss. The
loss of resolution due to misalignment will deteriorate our ability to determine the charge of the muon.
This was also studied as a function of the misalignment and is summarized in Table 7.

Misalignment (¢tm) | Nominal 40 100 200 300 500 700 1000
Relative efficiency | 0.984 0984 0984 098 0973 0948 0918 0.877

Table 7: Loss in signal efficiency due to the charge misidentification for seven misalignment hypotheses.
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Figure 8: Left: reconstructed invariant mass distribution of Drell-Yan events for different misalignment
hypotheses. The numbers corresponds to an integrated luminosity of 100 pb~!. Right: reconstructed
invariant mass of the Z;C model for the seven misalignment scenarios.

4.4 Summary of Systematic Uncertainties

After implementing the dominant electroweak corrections in the vicinity of heavy resonances through
effective couplings [21] and resuming the NLO QCD corrections or matching them to parton showers
[31,32], the remaining theoretical uncertainties on the total K-factor can be summarized as follows:

e Renormalization/factorization scale: 5o
e PDFs: +5% at 1 TeV to £11% at 3 TeV
e Non-perturbative form factor: fg% (for pr > 5 GeV).

Combining these contributions, the total theoretical uncertainty is £8.5% at 1 TeV, +=14% at 3 TeV.

The experimental systematic uncertainties are listed as follows:

e the uncertainty on the efficiency of object identification was assumed to be 5% for muons, 1% for
electrons, and 5% for T leptons;

e the uncertainty on the energy scale was assumed to be 1% for muons, 1% for electrons, and 5%
for 7 leptons;

e the uncertainty on the resolution of the objects is as follows: G(I%T) = Oﬁ% @0.00017 for muons,
20 % for electrons, and 45% for 7 leptons.

e the uncertainty on the luminosity was assumed to be 20% with an integrated luminosity of 100 pb~!
of data and 3% for 10 fb~!.

The effect of all the above on the discovery potential is discussed in the next section for individual
channels.
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S Search for Exotic Physics

In this section we present the discovery potential for several resonant signatures in the early running with
ATLAS. We focus on the reach with an integrated luminosity of up to 10 fb~! of data.

The statistical significance of an expected signal can be evaluated in several ways. The simplest
approach, “number counting” is based on the expected rate of events for the signal and background
processes. From these rates, and assuming Poisson statistics, one can determine the probability that
background fluctuations produce a signal-like result according to some estimator; e.g. the likelihood
ratio. In the “shape analysis” approach, a detailed knowledge of the expected spectrum of the signal for
one observable (like the invariant mass distribution for example) can be used to improve the sensitivity of
the search by treating each mass bin as an independent search channel, and combining them accordingly.

The resulting sensitivity is in general higher in the shape analysis than the estimation given in the
number counting approach. In the shape analysis, the data is fitted or compared to two models: a
background-only model and a signal-plus-background model. These are also called “null hypothesis”,
noted HO and “test hypothesis”, noted H1, respectively. For each of the models, a log-likelihood or a x>
is computed and the ratio of the two log-likelihoods (LLH) or the difference of two x2s are estimated
and used to compute the “confidence levels” noted CLs, or significances, noted S.

The calculation of the significance is done using [44]:

S=V2xErf~'(1-

o) With CLy=CLii/CLo (1
'S

in the double tail convention. In this convention, 1 — CL, has to be lower than 2.87 x 10~ to correspond
to a 50 significance. The input signal and background shapes are given to the fitting algorithms either as
histograms in the non-parameterized approach [44] or as functions in the parameterized approach.

A convenient way to compute the LLH ratio is to use the FFT method presented in [45]. The advan-
tage of this method is that it does not require the generation of millions of pseudo-experiments needed
for high significances and which can be time consuming. The sources of systematic uncertainties can
then be incorporated as nuisance parameters.

The above methods have been investigated for the Z’ boson in the dielectron and ditau channels, for
the graviton in the dielectron channel, and for Technicolor in the dimuon channel. These are presented
in the following sections.

5.1 Background Estimation

As shown in the previous section, the neutral Drell-Yan production of lepton pairs is the common dom-
inant background for all the analyses. The available statistics in the Drell-Yan samples doesn’t allow a
total freedom in several analyses. Since different techniques are used to estimate the signal significance
we also treat the Drell-Yan background in a few different but entirely consistent ways:

e In the “number counting” approach, we simply count the expected number of events under the
resonance peak from various background sources, including the Drell-Yan process.

e In the non-parameterized CL; method, we use the number and shape of the events by producing a
histogram for the background.

e For several analyses, we perform a fit to the Drell-Yan background parameterizing the shape which
allows to estimate the number of background events and extrapolate it to higher masses in case of
lack of fully simulated events at high masses.
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Each of these methods produces a complementary and consistent approach to estimating the back-
ground. When the Drell-Yan fit is needed, we parameterized the shape of the background by the formula
ae "M° where M is the invariant mass of the lepton pair and a,b,c are parameters of the fit. Fits to
the Drell-Yan spectrum presented in section 4.2 suggest that the parameterization exp(—2.2M%3) used
by [46] describes the background shape well. It is this one which is used in the Z' — uu, G — ee
and technicolor analyses. In the Z’ — ee analysis, these parameters are allowed to vary in the individ-
ual ensemble tests. The fit to the entire spectrum letting all the parameters float is consistent with this
prescription.

5.2 7' — ee Using a Parameterized Fit Approach
5.2.1 Event Selection

The selection of events with two electrons coming from a Z’ has been studied in samples of fully simu-
lated Z;C — eTe™ events with Z’ boson masses of 1, 2 and 3 TeV, corresponding respectively to integrated
luminosities of 21 fb~!, 204 fb~! and 2392 fb~ .

The first requirement is that the two highest pr clusters in the event be in the geometrical acceptance.
The next requirement is that these clusters be associated with a track; its efficiency is 67% at 1 TeV and
decreases for higher masses®). The third requirement is that these two reconstructed electron candidates
be identified as loose electrons. The relative efficiency of such a selection is at least 94% and increases
with invariant mass. The trigger studies have been normalized to events with two loose electrons. As
shown in section 3.1, the highest trigger efficiency is obtained with a non-isolated single electron trigger
(ebb). Its efficiency is 90.8% per event. The last requirement is that the two electrons have opposite
electric charges. The requirement flow is presented in Table 8, where the events are counted in a window
of +4 I'y around the center of the resonance. Although the opposite charge requirement is optional in
the absence of a large background, especially at very high invariant mass, it allows to have a control
sample (made of same sign dielectrons) for the background. The resulting overall efficiency is 48% at
m=1TeV, 42% at m = 2 TeV and about 34% at m = 3 TeV.

Selection Signal DY Signal DY Signal DY
at1 TeV | at1TeV || at2TeV | at2TeV || at3 TeV | at 3 TeV
347. 3.56 14.7 0.16 1.22 0.015
2 generated e, 1] < 2.5 299. 3.07 13.7 0.15 1.16 0.013
2 clusters with a track 201. 2.06 8.0 0.09 0.62 0.009
2 loose electrons 190. 1.96 7.2 0.08 0.52 0.008
At least one pr > 65 GeV 190. 1.96 7.2 0.08 0.52 0.008
Event triggered 173. 1.77 6.6 0.07 0.47 0.007
2 opposite charges 166. 1.70 6.2 0.07 0.43 0.007

Table 8: Requirement flow table for the Z' — e*e™ analysis: cross-sections in fb. The events are counted
in a window of +4 I'z around the resonance.

The above efficiencies, normalized to events in the geometrical acceptance (|| < 2.5), are shown on
Fig. 9 (left) as a function of the invariant mass of the electrons. They do not depend on the model used
to generate the Z' samples. Only the requirement that the two electrons be in the geometrical acceptance
depend on the model. Indeed, the relative proportions of initial quark flavors depend on the couplings of
the Z' to the quarks. The PDF of the up quarks being harder than that of the down quarks, Z’ produced

3 As already stated in section 2.1, the efficiency of this criterion will be improved in future reconstruction versions.
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Figure 9: Z;C — eTe™ selection efficiency as a function of the generated invariant mass. Left: all reconstruc-
tion selections, normalized to events in the geometrial acceptance; right: 17| < 2.5 criteria for ui and dd events
separately and for different Z' models (generator level).

by a wii pair tend to be slightly more boosted, and therefore the electrons stemming from their decay
tend to be produced at slightly higher pseudo-rapidities. This effect is visible in Fig. 9 (right) showing
the efficiency of the || selection for uii and dd events separately, and for a number of benchmark Z’
models: the Sequential Standard Model (Zgg,,), the E¢ models Z;,, Z;C, Z%, and the left-right symmetric
model (Z; ). It is therefore possible to generalize the efficiencies that have been measured in the fully
simulated samples to models which haven’t been simulated as well as to intermediate masses.

5.2.2 Discovery Potential

Modelization of the dilepton invariant mass spectrum. In order to compute the significance for
several Z' models, a parameterization of the mass spectrum of the signal and of the background has been

used. The differential cross-section can be factorized with a good precision in a parton-level term Z";’l and
a PDF-dependent term Gppp (m):
do dé
dfm(m) = dfm(m) X GPDF (m) (2)
Using this factorization, one can write:
do 1
— = —xG 3
am oy (m) ) PDF(m) 3)
do 1
— (m) = — X GpDF(m)
dm Signal m?
2, m?
+  heak X —%- x Gppr(m 4
peak m%/ (m2 _m%/)z —|—m%/F%, PDF( ) “4)
Fz/ m2 — mz/
+ »Q{imerf X % Z X GppF (m)

m2, (m> —m%,)? +mZ,I2,
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where e, is the amplitude of the Z' process and Ze,f is the amplitude of the interference Z'/Z and
Z' /v, both normalized to the Drell-Yan process. This parameterization only depends on four parameters:
my, Uz, @hpeax and peerr. The differential cross-section is then multiplied by the appropriate K-factor
(see section 4.2). The detector performance is accounted for as follows: the differential cross-section
is multiplied by the efficiency computed above and convoluted by the invariant mass resolution (see
section 2.1). The agreement between this parameterization and the full simulation is shown in Fig. 10
fora Z, at 1 TeV.

- F E Significance = 6.45 Luminosity = 1 fb™
> L 1 =
& | ATLAS 41 & EF
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Figure 10: Left: mass spectrum for a m = 1 TeV Zj — e*e™ obtained with ATLAS full simulation (histogram)
and the parameterization (solid line). The dashed line corresponds to the parameterization of the Drell-Yan process
(irreducible background). Right: Log-likelihood ratio densities with 1 fb~! for a m = 2 TeV Z;c for the signal and
background hypotheses. The vertical line is the median experiment in the H1 hypothesis.

Results Using the parameterization presented above to generate mass spectra for signal (y/Z/Z' —
e"e™) and background (y/Z — eTe”), one can compute the distributions of the log-likelihood ratio
(LLH) of the signal (H1) and background (HO) hypotheses.

Figure 10 shows the LLH distributions obtained for a 2 TeV Z;C with 1 fb~! as well as the median sig-
nal experiment used to calculate CL;. The Fast Fourier Transform method (FFT) [45] was used in the
computation of the LLH distributions. It is important to note that the mass window used to perform the
analysis does not affect the result.

Figure 11 (left) shows the integrated luminosity needed for 5o discovery of the usual benchmark
Z' models as a function of the Z' mass. Only statistical uncertainties were taken into account. The
systematic uncertainties are discussed in the next paragraph. A fixed mass window of [500 GeV —4 TeV]|
was used to compute the significance. Roughly speaking, less than 100 pb~! are needed to discover a
1 TeV Z, about 1 fb~! are needed to discover a 2 TeV Z’, and about 10 fb—! are needed to discover a
3TeVZ.

Systematic Uncertainties The sources of systematic uncertainties were listed in section 4. Since the
main background is the Drell-Yan process, the systematic uncertainties from both the efficiencies and
the theoretical predictions on the cross-section will affect the number of signal and background events
in the same way, and can be added in quadrature. The uncertainties on the event selection efficiency
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Figure 11: Integrated luminosity needed for a 5o discovery of Z' — ete™ as a function of the Z' mass. Left:
for various benchmark models with statistical uncertainties only; right: for the Z;C with systematic uncertainties
included.

mainly come from the electron identification and the geometrical acceptance. The former amounts to
2 x £1% = +2% for two electrons. Taking the extreme efficiencies for pure uii and dd events as a
conservative estimate, the latter goes from +3 to +0.5%. Overall, this represents from +3.6% to +0.6%
systematic uncertainty from the event selection. This is small as compared to the theoretical uncertainties,
which represent +8.5% to 4_'%‘2‘%. The effect of these combined uncertainties on the luminosity needed
to discover 1, 2 and 3 TeV Z's is f?o%, ﬂg%, f{g% (respectively).

The uncertainty on backgrounds other than the Drell-Yan process is another type of uncertainty.
However, given that the Drell-Yan contribution is at the level of about 1% of the signal, any variation of
the level of non-Drell-Yan background, which is more than ten times smaller, is negligible.

The uncertainty on the electron energy resolution is another type of uncertainty. In addition to the
expected uncertainties on the energy resolution as measured in the calorimeter (see section 4), we have
conservatively assumed that there was no increase in precision on the measured dielectron invariant mass
coming from the angle measurement provided by the tracker. In this case, the resolution on the invariant
mass increases from about 1% (see section 2.1) to about 1.5%. The effect of these uncertainties on the
luminosity needed for a discovery is j% from the resolution, independent of the Z’ mass.

The last type of uncertainty which has been considered is the electron energy scale. When varied
within the expected uncertainties, the discovery luminosity varies by fé's %, independent of the Z/ mass.

Combining all the above systematic uncertainties, the luminosity needed to discover, for example, a
Z;C is shown in Fig. 11 (right). It must be noted that the systematic effect coming from the fact that we
do not know a priori the mass of the signal was not taken into account. This is adressed separately in
appendix A.

5.3 7' — uu Using a Parameterized Fit Approach

The dimuon channel represents an important complement to the dielectron channel. Although the reso-
lution is expected to be up to an order of magnitude worse in the kinematic regime of interest, reducible
backgrounds are expected to be considerably lower as discussed in Section 4.1. This feature makes the
dimuon channel competitive especially with early data where the design background rejections may not
be achieved. In this section we consider two signal models decaying into dimuons - the Zgg,,; and Z;c
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bosons.

5.3.1 Event Selection

To select events from the Z' — uu process we require two muons of opposite charge. The muons are
required to fulfill the muon identification criteria studied in Section 2.2, including pr > 30 GeV and
In| <2.5. Events are triggered using the mu20 trigger described in Section 3.2. As seen in Section 4.1,
this should select a sample which consists mainly of Z/y — puu with limited contamination from other
sources of the order of a few percent. Table 9 indicates the effects of the various requirements on both
the signal and background samples.

| Sample | Zggy (1 TeV) | Z;, (1 TeV) | Drell-Yan
Generated 508.6 380.6 13.5
In| <2.5 366.8 271.5 10.8
pr > 30 GeV 364.0 270.1 10.7
Muon identification 342.3 256.0 10.0
Trigger 325.2 243.2 9.5
Opposite charge 324.8 243.0 9.5

Table 9: Selection requirement flow for the Z' — pu analysis - cross-sections in fb. Events are counted
in a mass window of £50 GeV of the resonance mass (signal) and for my,, > 800 GeV (background).

5.3.2 Discovery Potential

To evaluate the discovery potential, we use the FFT method [45], as in section 5.2. The amount of
data required to discover a Z’ boson is computed from the log-likelihood ratio (LLH) of the signal (H1)
and background (HO) hypotheses. Figure 12 shows the 1 — CL; obtained as a function of the integrated
luminosity for the two studied Z' boson models at m = 1 TeV. The largest expected systematic uncertainty
(from misalignment of the muon spectrometer) is shown separately. One can see that the amount of
luminosity needed for a 56 discovery ranges from 20 to 40 pb~!, which is competitive with the dielectron
channel.

¢ 1T x No systematics p 1l * No systematics
@) = Trigger 5} E Trigger
<10t e Trigger + DY (9% nuisance parameter) <101 e Trigger + DY (9% nuisance parameter)
E 4 300pum misalignment E g 4 300um misalignment
102 300um (+-150 um nuisance parameter) 102F 300um (+-150 um nuisance parameter)
E o_All systematics - g . All systematics
10°F E 10%F E
104F ATLAS - 104 2
10°F E 10°E ATLAS -+
10°F E 10°F E
107F 5adiscovery pOﬂ;\ﬁ\\ \\ \E E 107 E'5 o discovery potentie&r\ \ N\D E
Y I I SR M| R B gl b b b TN Lo by by byl
10 5 10 15 20 25 10 5 10 15 20 25 30 35 40 45
Luminosity (pb™) Luminosity (pb™)

Figure 12: Results of the FFT computation of 1 —CL;, for m = 1 TeV Zgg,, (left) and Z;, (right) bosons.
The horizontal line indicates the 1 — CL;, value corresponding to 50.
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Systematic Uncertainties Section 4 describes the systematic uncertainties that were considered. As
can be seen from Fig. 12 the effect of the nominal systematic uncertainties is modest in this channel.
The largest theoretical uncertainty entering this study is the the knowledge of the Standard Model Drell-
Yan cross-section. In the dimuon channel, the largest experimental uncertainty is the resolution for high
pr muons which will be initially dominated by the alignment of the muon spectrometer. As already dis-
cussed, the nominal alignment precision may not be achievable with the integrated luminosities presented
here and hence could significantly alter the conclusions. Figure 12 shows that the integrated luminosity
needed to reach 5o increases from 13 to 20 pb~! if the muon spectrometer is aligned with a precision of
300 um. This takes into account an uncertainty of 150 pm on the alignment precision estimate, which
will have to be measured in data (e.g. from the Z — up sample) and which is treated as a nuisance
parameter in the sensitivity computation.

5.4 7 — 17 Using a Number Counting Approach

The ditau signature is an important component to the high mass resonance search. In particular, there
are models in which a hypothetical new resonance couples preferentially to the third generation [47].
For these models the branching ratios are such that the dielectron and dimuon channels are not viable -
hence it is critical that we consider all possible channels including ditaus. In this section we discuss the
discovery potential for such a resonance. Because of finite resources we restrict ourselves to the process
7' — 11 with a single mass point m = 600 GeV although much of the discussion generalizes to a generic
ditau resonance search. The ditau final state can be divided into three final states: hadron-hadron (where
both 7 leptons decay hadronically), hadron-lepton (where one 7 lepton decays hadronically and one
decays leptonically), and lepton-lepton (where both decay leptonically). Here we consider the hadron-
lepton (h — ¢) final state. The possibility of observing the hadron-hadron final state using a hadronic ©
trigger will be examined later.

5.4.1 Event Selection

To select events in the hadron-lepton final state, we select events with a “hadronic ©”° candidate, a charged
lepton (muon or electron), and missing transverse energy (£7). As opposed to the dielectron or dimuon
channel the backgrounds to the ditau channel are considerably larger and include Drell-Yan production,
Wjets, tf and dijet events. After the initial object selection several further requirements are needed to
maximize the signal significance.

We consider hadronic 7 candidates with pr > 60 GeV and impose a requirement on the likelihood
as a function the 7 transverse energy as described in Section 2.3. To avoid double counting we remove
candidates which overlap with an electron or muon.

For electron candidates we require a medium electron in this analysis (see Section 2.1). The initial
muon selection is the same as described in Section 2.2. Since this channel only requires one high pr
lepton the backgrounds are considerably higher than for the dielectron or dimuon final states. To address
this we make additional requirements on the isolation of the lepton. The isolation requirement imposed
on electron candidates is ZEﬁﬁfo‘Z /pr < 0.1 where ZE?EIL@'Z is the sum of the energy deposits in the
electromagnetic calorimeter within a cone of AR = 0.2 from the location in 1-¢ of the electron, less
the electron candidate energy. Isolated electrons are required to have pr > 27 GeV. We impose an
isolation requirement similar to that of electrons on muon candidates: ZE?E]foO'Z < 0.1. For isolated
muons we require that the x2 lie between 0 and 20 and to be considered by the analysis muons must have
pr > 22 GeV.

After making the T candidate selection we make several further requirements to maximize the signal
significance. First we require that £7> 30 GeV. To greatly help with the rejection of the 7 backgrounds
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Selection H Signal H tt Drell-Yan Multijet W4jet
Trigger 1356. || 213600. | 2.3950 107 | 4.19000 10° | 6.69400 10°
Lepton 905. 150900. | 1.2600 107 | 1.08230 10° 120400.

7T selection 368. 7818. 145680 40080 4587.

Opposite charge 315. 2498. 5306 23240 771.
Er>30 GeV 270. 2040. 2562 835 162.
mr < 35 GeV 203.2 302.4 388.0 436.4 83.8
Pt <70 GeV 155.0 106.7 331.5 221.6 28.4
myis > 300 GeV || 132.5 26.2 105.6 33.8 15.0
cos A¢y, > —.99 13.3 2.1 5.5 2.3 2.7

Table 10: Requirement flow table for the m = 600 GeV Zg,, — TT — (h analysis - cross-sections given
in fb.The Drell-Yan process includes all flavors of leptons (ete™, u™u~, t777) with an invariant mass
of at least 60 GeV.

we employ a requirement on the total event py which is defined as the sum of £rand the vector sum of
the hadronic 7 with the lepton transverse momentum. We require p%’ < 70 GeV.

The transverse mass of the event is determined by using the lepton kinematics and the event Er.
Defining a four-vector for the missing energy: pr = (Er,,£r,,0, |£r|), the transverse mass is calculated
as:

my = \/2pT,mT(1 —cosAP, ).

We require that my < 35 GeV.

In the case of the lepton-hadron channel one cannot simply reconstruct the invariant mass of the
resonance as energy is taken away from the event by the neutrinos. However, two quantities can be
constructed

e A visible mass variable is calculated as defined by CDF [48] using the hadronic T and the lepton
four-vector information:

myjg = (&4‘&4’@)2

e The collinear approximation is used to build up the event-by-event invariant mass. The fraction
of the T momentum carried by the visible decay daughters, x, and x;, are calculated with the
following formulas:

. Px,tPy,h — Px,hDPy,t . Px,tPy.h — Px,h Pyt
Xy = s Xp = .
Py,nPx.0 + Py,h ]]‘x —PxhPyt — px,hﬁy Py,hPx.0 + Px.0 ﬁy —DPx.nPyt — py.ﬁljx

myj,
NG

To greatly help the background rejection and to restrict our search to the region of interest we require
myis > 300 GeV. Since the collinear approximation breaks down when the two 7 leptons are back-to-
back, we impose the requirement that cosA¢y, > —.99. Of course, since a very heavy particle tends
to be produced at rest, the decay objects are mostly back-to-back, leading to a highly inefficient mass
reconstruction.

The reconstructed mass is then calculated as m;; =

5.4.2 Discovery Potential for 1 fb~! of Data

Table 10 shows the effect of the various selection requirements for the signal as well as all background
processes considered. Distributions of the visible and reconstructed masses for signal and background
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Figure 13: Left: the visible mass distribution in the Z' — tT — ¢h analysis for signal and background pro-
cesses (1 fb~! of data is assumed). Right: the reconstructed invariant mass obtained using the collinear
approximation.

are shown in Fig. 13. Here we assume a 600 GeV Z’ and the SSM cross-section. In 1 fb~! of ATLAS
data we estimate 132.5 signal events and 180.6 background events after imposing the event selection
up to the requirement on visible mass. Using S/+/B we estimate the signal significance to be 9.9. The
collinear approximation breaks down when the two 7 leptons are back-to-back, so that even a loose
requirement (such as cosAdy, > —.99) reduces the signal by a large factor. Hence, we expect that the
search will proceed by looking at the visible mass. If significant excess over background is seen, the
collinear approximation will then be used to help establish the presence of a new resonance.

Systematic uncertainties The systematic uncertainties that were considered are described in Section 4.
For an analysis of 1 fb~! of data the dominant systematic source on the signal, just over +-18%, comes
from the uncertainty in the luminosity. The second most dominant systematic, the hadronic T energy
scale, affects the signal at the +=10% level. Summing in quadrature the effect of all systematic uncer-
tainties on the signal Monte Carlo sample results in a total systematic uncertainty of about +20%. The
current Monte Carlo samples available for the backgrounds to the ditau analysis are statistically limited
and hence prevent a rigorous evaluation of the systematics at this time. As a conservative estimate, we
assume that the total systematic uncertainty on the backgrounds is identical to that observed in the signal
Monte Carlo. This is a conservative estimate because the majority of the backgrounds in the data have
very large cross-sections (dijets, W+jets, etc.) and in principle the evaluation of systematic uncertain-
ties there should be less sensitive to statistical fluctuations than for the signal events. Summing these
systematic uncertainties in quadrature and using the formula S/v/B + 6B? gives a significance of 3.4 in
11

5.5 G — e"e  in a Parameterized Fit Approach

In this section we present a sensitivity study for the Randall-Sundrum G — ee final state. In this channel,
it is assumed that there is no interference between the G and the dilepton background. Table 11 shows
the parameters of the different G samples used in this analysis. ' is the simulated graviton resonance
width and o, stands for the width of the observed resonance after convolution with detector resolutions.
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sz« For k/M,; < 0.06 the resonance is narrow compared to the experimental resolution.
The main Standard Model background is neutral Drell-Yan production. Other backgrounds such as
dijets with both jets misidentified as electrons are expected to be small and neglected at this time.
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Model Parameters | I'g On | 0-BR(G—eTe)
mg k/M pi | [GeV] | [GeV] [fb]

500 GeV | 0.01 0.08 4.6 187.4

750 GeV | 0.01 0.10 6.4 27.7

1.0 TeV 0.02 0.57 7.9 26.0

1.2 TeV 0.03 1.62 10.3 22.4

1.3 TeV 0.04 2.98 11.4 25.3

1.4 TeV 0.05 5.02 13.1 26.8

Table 11: Parameters of the G — ee samples used: natural width (I'), Gaussian width after detector
effects (0,,) and leading order cross-section.

5.5.1 Event Selection

In reconstructing the resonance mass, we require a pair of electrons — we do not make any charge re-
quirements — with pr > 65 GeV using the loose electron selection criteria described in Section 2.1. We
require that the events pass the e55 single electron trigger (see section 3.1). Finally we require that
the two electrons are roughly back-to-back in ¢ with cosA¢,. < 0 between the two electrons. Table 12
shows the remaining cross-section at each stage of the selection and the total eficiency for different mass
points. The efficiency decreases at high graviton masses, due to the track match requirement, which is
consistent with the Z’' boson analysis (see section 5.2). Table 13 shows the same requirement flow for

the Drell-Yan.

Selection / Sample 500 GeV | 750 GeV 1.0 TeV 1.2 TeV 1.3 TeV 1.4 TeV
Generated 187.4 27.7 26.0 22.4 25.3 26.8
Acceptance 172.4 25.9 24.7 21.2 24.0 25.4
Trigger 168.7 25.0 22.6 19.1 214 22.3
Electron Id. 127.9 18.3 16.4 12.8 14.6 14.7
pr > 65 GeV 125.7 18.2 16.3 12.7 14.5 14.6
cos AP <0 123.0 17.8 16.0 12.6 14.3 14.4
Selection efficiency (%) | 65.6+1.1 | 64.4+1.1 | 61.7£1.1 | 56.3+£1.1 | 56.4+1.1 | 53.9+1.1

Table 12: Requirement flow for the G — ee analysis. The remaining cross-section (in fb) is given at each
stage. The mass window is chosen as +406,, around the signal peak.
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Selection/Sample | 500 GeV | 750 GeV | 1.0TeV | 1.2TeV | 1.3 TeV | 1.4 TeV
Generated 20.33 491 1.43 0.90 0.51 0.51
Acceptance 18.53 4.50 1.36 0.87 0.48 0.49
Trigger 18.45 4.25 1.16 0.80 0.45 0.44
Electron Id. 14.13 3.18 0.88 0.58 0.38 0.33
pr > 65 GeV 13.85 3.15 0.88 0.57 0.38 0.33
cosA@,, <0 13.41 3.09 0.85 0.56 0.36 0.33

Table 13: Remaining Drell-Yan cross-section (in fb) at each stage of the G — ee analysis. The mass
window is chosen as £40,, around the signal peak.

The Drell-Yan background distribution after this event selection is shown in Fig. 14 along with signal
at mg = 1 TeV and coupling k/M » = 0.02. The exponential described in Section 5.1 has been used to
model the shape of the background.
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Figure 14: Left: expected (histogram) and “observed” (filled circles) Drell-Yan spectrum from full sim-
ulation. The observed distribution includes a graviton with mass of 1 TeV and coupling k/M,; = 0.02.
Note that for the purposes of this plot the vertical axis has been rescaled: the error bars correspond to an
integrated luminosity of 100 fb~!. Right: Log likelihood ratio curves for one million pseudo-experiments
generated with background only (filled circles), and signal plus background (empty circles) for the same
m =1 TeV signal point.

5.5.2 Discovery Potential

We search for an excess of events in the mass range from 300 GeV up to 2 TeV and study the signal
sensitivity by use of “extended maximum likelihood” fitting. We consider two hypotheses. The null
hypothesis, HO, is the hypothesis that the data are described by the Standard Model. The test hypothesis,
H1, is that the data are described by the sum of the background and a narrow Gaussian resonance.

To investigate the potential for discovery pseudo-experiments are generated from both the null and
test hypothesis. Each pseudo-experiment is fit twice. The first fit assumes the data are described by
the Standard Model using the function described in Section 5.1. The second fit assumes the data are
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described by the sum of a Gaussian and the shape describing the Drell-Yan background. During this
second fit the mean of the Gaussian is allowed to float throughout the entire mass region considered, and
the width is fixed to the detector resolution.

- ———r— —* k/M,=0.01 (x1.6) - - .
2 —— kWM, =0.02 (x1.6) I= [ ; i h
§ 103? ATLAS k@il:0.0S x16) 30025; —s=— 50 Discovery Limits E
Tk 5~ k/M,=0.04 (x1.6) "’ —e— 30 Evidence Limits 1
P - —o— k/M_=0.05 (x1.6) E . ]
S r —=— 56 I5iscovery 0.020- | L dt=1.0fb 3
Tk —— 30 Evidence FJ \s=14Tev ]
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o I 0.0151 3
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F | Ldt=1.0fb" \s=14TeV F E
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Figure 15: 50 discovery potential (full squares) as a function of the graviton mass. The 30 evidence
potential is also shown (full circles). Left: shown with cross-sections as calculated by PYTHIA (LO) and
multiplied by a K factor of 1.6 for several values of the coupling; right: dependence of the discovery
potential on the coupling.

We can then compare the likelihood of the signal and background hypotheses. The distribution of
the logarithm of the likelihood ratio between HO and H1 is constructed, and shown for one signal point
in Fig. 14. Based on this, we calculate the average expected discovery potential from the fraction of
the likelihood ratio distribution for background-only pseudo-experiments that extends beyond the mean
of the distribution for signal plus background experiments. Figure 15 shows the 50 discovery and 3¢
evidence reach in cross-section and k/M,,; coupling constant as a function of graviton mass, estimated
for an integrated luminosity of 1 fb—!.

The LO cross-sections are multiplied by the K-factors discussed in section 4.2.2 for both signal and
Drell-Yan background. Various sources of systematic uncertainties for signal and background are con-
sidered in the evaluation of the experimental sensitivity, including luminosity, energy scale, energy reso-
lution, electron identification efficiency and Drell-Yan background uncertainties as listed in section 4.4.
The combined effect of the systematic uncertainties is to increase the amount of integrated luminosity
needed for discovery between 10 and 15 percent for the different parameter sets.

5.6 Technicolor Using a Non-Parameterized Approach

Topcolor-assisted Technicolor models with walking gauge coupling predict new technihadron states that
are copiously produced at the LHC. The lowest mass states are the scalar technipions (7r;E ’0) and the
vector technirho and techniomega (pTi 0 and a)%). The vector mesons decay into a gauge boson plus
technipion (ymy, Wny or Zny,) and fermion-antifermion pairs. This analysis searches for the decays
pr — uu~ and @y — ut u~. The dimuon mode has a lower branching fraction than the modes involv-
ing technipions but the signal is clean, straightforward to trigger on, and can be readily observed with
early ATLAS data.

The particular model studied here is the “Technicolor Strawman Model” or TCSM [11, 12]. In the
TCSM, it is expected that techni-isospin is an approximate good symmetry and therefore the isotriplet
pr and isosinglet w7 will be nearly degenerate. We will assume for what follows that m,, = mg,. The
technipions are also expected to be nearly degenerate. In the TCSM, the technipion masses are generi-
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cally not small. In particular, mz, > myp, /2 and therefore the decays of the p7 and @y to technipions is
kinematically forbidden. The dimuon rate is expected to come dominantly from the w; with a smaller
contribution from the pr.

The event selection is summarized in Table 14.

In principle, the best search sensitivity is not obtained by examining the entire dimuon mass distribu-
tion for a bump all at once but by using an optimized mass window that maximizes the signal significance
for a given assumed signal mass. A prescription for the optimal window size is taken from an analytic
calculation in Ref. [49]. Assuming a narrow Gaussian peak on a linear background, the optimal window
was found to be +-1.40 about the peak mass. Since we are not really in the narrow resonance regime,
we did a study using full-simulation ATLAS Monte Carlo for a Technicolor signal on a Drell-Yan back-
ground. Taking S/+/B as our measure of significance, Fig. 16 (left) shows that a window size of & ~ 1.5¢
or a bit larger is optimal. For this study, a window size of £1.50 about the peak mass is used.

| .0 (GeV) \ 400 | 600 | 800 1000
Peak mass (GeV) 403 603 804 1004
o (m) (GeV) 13 22 34 46
Requirement
Generated 201 60.8 23.0 10.1
In| <2.5 116 39.8 15.8 7.3
pr > 30 GeV 114 39.5 15.7 7.2
L1.MU20 112 38.7 15.3 7.0
L2 mu20 110 38.0 15.1 6.9
EF _mu20 109 37.5 14.9 6.8
Match y? < 100 104 35.7 14.0 6.4
Opposite charge 104 35.7 14.0 6.4
Mass window 78.2 26.3 10.3 4.7
Drell-Yan background 46.9 14.1 6.1 2.8
Selection efficiency (%) | 38.94+0.5 | 43.2+0.5 | 44.8£0.5 | 46.84+0.5

Table 14: Selection requirement flow for the analysis - cross-section in fb.

Figure 16 (right) shows the integrated luminosity necessary to observe either 3¢ evidence or a 50
discovery of technihadrons in this channel. The systematic uncertainties summarized in section 4.4 were
included in this calculation of technihadron search sensitivity. It should be noted that the integrated
luminosity needed for 5o discovery will be affected by the level of misalignment of the muon spectrom-
eter. The contours in Fig. 16 were computed assuming the level of alignment we expect to achieve. The
studies in sections 4.3 and 5.3 show that for an initial precision of 300 microns with an uncertainty of
150 microns the amount of data needed to reach 5o would increase by approximately 50%.
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6 Summary and Conclusions

Several models which lead to resonances in the dilepton final state have been studied. Various systematic
studies have been undertaken which estimate the effect of uncertainties from both theoretical knowledge
of Standard Model processes as well as expected and assumed early detector performance. Data-driven
methods have been developed to evaluate efficiencies, backgrounds, and uncertainties. It has been shown
that even with early data the discovery potential can be dramatically increased from current limits. The
discovery potential with an integrated luminosity of 10 fb~! depends on the particular model and varies
in the m = 1.0 to 3.5 TeV range. It should be noted that resonance masses above 1 TeV which are
unreachable by the Tevatron experiments could be discovered with as little as 100 pb~! of data.
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A Effect of the Unknown Location and Rate

When estimating the significance of a local excess of events, the size of the region considered and un-
certainties in the shape of the background can significantly reduce the sensitivity of the search. This
appendix presents an assessment of the size of this effect for the Z' boson to dilepton searches. If an
excess is found in the dilepton invariant mass, its significance needs to be evaluated in a way that takes
into account the possibility of background fluctuations of different masses, cross-sections and widths.
One possible way to do this is through the use of maximum likelihood fits, where these quantities are
free parameters.

To estimate the effect on the sensitivity of the unknown rate and location of a dilepton resonance,
the decay Zg,, — ee and Zg,, — pu were both generated for 16 true Z' masses between 1 and 4 TeV
(evenly spaced every 200 GeV), with a lower cut on the true dilepton mass of 0.5 TeV in all cases. Each
sample was simulated and reconstructed using fast simulation, and events were required to have two
back-to-back (A¢ > 2.9) leptons of opposite charge with py > 20 GeV and within |n| < 2.5. For an
estimation of the expected background, Standard Model Drell-Yan production was used.

The dilepton resonance was modeled using an ad-hoc parameterization that models appropriately the
shapes of both the Z' — ee and Z’ — pu modes, consisting of a product between a Breit-Wigner and a
Landau distribution with a common mean, and where the width of the Landau was parameterized as a
function of the width of the Breit-Wigner®). The common mean, the width parameter and the amplitude
of the signal are allowed to float in the fits.
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Figure 17: Likelihood ratio distribution for an m = 3 TeV Zg,, — ee; the distribution on the left corre-
sponds to background-only pseudo-experiments; the one on the right, to signal plus background.

Figure 17 shows the likelihood ratio distributions for an m = 3 TeV Zg,, — ee fit-based signifi-
cance, where the signal rate, the peak’s width and the mean mass all float in the fit, corresponding to
an integrated luminosity of 4 fb~!. The distributions of the log-likelihood ratio for fits to HO pseudo-
experiments. and for fits to H1 pseudo-experiments are shown. The fraction p of the HO distribution
that has a likelihood ratio larger than the mean of the H1 distribution is shaded. The value of p is then
transformed into a significance following the convention under which p = 2.9 x 10~ corresponds to 56

“)The best motivated shape is a Breit-Wigner convoluted with a Gaussian resolution. Unfortunately, the convolution fit is

very time consuming and for this study millions of fits were performed. Empirically the combination of a Breit-Wigner and a
Landau were found to give essentially identical results.
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(see section 5). The fraction shown in the plot corresponds to a significance of 4.290.
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Figure 18: Comparison of the fit-based significance for fixed-mass (dots) and floating-mass (squares) fits
for both cases, Z’' — ee (left) and Z' — uu (right). Circles show the estimation from number counting.

Several million pseudo-experiments were generated and fit, covering different masses and luminosi-
ties. Figure 18 shows the significance for different approaches in the case of an m = 3 TeV Zg,, for
both the dielectron (left) and the dimuon (right) cases. The plots compare the significance as obtained
from number counting (circles), fixed mass fits (dots) and floating mass fits (squares). The floating-mass
significances are on average 20% lower than the fixed-mass calculations for Z' — ee, and about 15%
lower in the dimuon case (in obtaining these numbers, we exclude the region below 2.25 fb~!, which is
affected by low statistics effects).
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Abstract

The prospects for the discovery of heavy lepton-neutrino resonances with the ATLAS
detector are evaluated using full detector simulation. We discuss the performance of large
missing transverse momentum measurement and its impact on the lepton-neutrino trans-
verse mass reconstruction and backgrounds from large missing transverse momentum. As
benchmark, we evaluate the sensitivity to the a Standard Model like W’. Emphasis is put on
the discovery potential of ATLAS with early data, namely with an integrated luminosity of
10pb~'to 10 fb~1.
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1 Introduction

The Standard Model of particle physics has been able to predict or describe, within errors, almost all
measurements performed within its domain. However, several fundamental questions remain unresolved.
Its mechanism for electroweak symmetry breaking has not been experimentally confirmed, nor has the
physical Higgs boson that it predicts been observed. The values of many constants in the model are still
unconstrained and lack a fundamental explanation. There are indications, therefore, that the Standard
Model is not a fundamental theory, but a good approximation of nature at the energy ranges that have
been so far accessible to experiment. Thus, the search for physics beyond the Standard Model is an
important part of the ATLAS physics program. In this document, a study is presented of the potential
for the search of final states comprised of one electron or muon (lepfon, in what follows) plus missing
transverse energy.

A large variety of theories beyond the Standard Model, predict additional gauge bosons. Any
charged, spin 1 gauge boson which is not included in the Standard Model is called W’ boson and accord-
ing to several predictions there is at least one W’ boson detectable at the LHC. These theories and mod-
els which predict new charged gauge bosons range from the Grand Unified Theories [1-3], the various
Left-Right Symmetric Models [1,4—10], Kaluza-Klein theories [11-15], Little Higgs models [16—18],
dynamical symmetry breaking models [19] and even models inspired from superstrings [20-22]. As an
example, the 45 decompositions of the SO(10) gauge group, which is a candidate for large GUT sym-
metries, under the SU(3)c x SU(2), x SU(2)g x U(1)p_r. gives rise to a (1,1,3,0) triplet coming from
the SU(2)g group. That is, a triplet of right-handed W+ fields, which carry weak (V+A) interactions.
A theoretical model, based on the gauge group SU(3)¢c x SU(2)r x SU(2)g x U(1)p—r which is called
a Left-Right Symmetric Model (LRSM), after spontaneous symmetry breaking, predicts a right-handed
Wi gauge boson mixes with the left-handed W;, boson of the Standard Model. A very attractive W’ boson
candidate is the Wg gauge boson. The search for these particles is an important part of the studies for new
physics to be performed at LHC. Studies presented here are based on predictions of a “Standard Model-
like” W’ boson from so-called extended gauge models [23]. This W’ boson has Standard Model-like
couplings to fermions and its decays to WZ bosons are suppressed.

The DO experiment, at Fermilab, has obtained the present lower limit for the W’ boson mass [24]
as my > 1 TeV at 95% C.L. The LHC, with a centre-of-mass energy of 14 TeV, is expected to increase
the search reach even at early stages of data taking. Other ATLAS studies have evaluated the potential
for discovery of W/ — (v, where £ = i, e [25]. This study is based on the most recent realistic detector
description, including a complete simulation of the trigger chain.

2 Monte Carlo Samples

Table 1 summarizes the samples used in this study; a detailed account of the procedures, generators and
settings used is given in [26]. Signal samples for masses other than 1 and 2 TeV were produced locally
and validated against central production samples.

For the signal, samples of W' — (v events were generated with PYTHIA v6.403 [27], based on the
leading order cross sections and the parton distribution functions CTEQG6 [28], where £ can be any type
of lepton (7 included), for true W’ boson masses ranging from 1 to 4 TeV.

The main background for a W’-type state is the high-mass tail of Standard Model W boson produc-
tion; in order to provide enough background to study also the higher W’ boson masses, two samples of
Standard Model W boson events were produced, with different requirements on the true invariant mass
of the W boson: one with 200 GeV < my < 500 GeV, and one with my > 500 GeV. In these stud-
ies, the alignment and calibration of the detector is assumed to be well described in the reconstruction
algorithms.
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Process Generator o X BR [{b] Comments Events

1 TeV W' — ¢v PYTHIA 9430 Vs’ > 300 GeV 30K
2TeVW —fv PYTHIA 437 Vs’ > 300 GeV 30K
3TeVW — fv PYTHIA 54 Vs’ > 300 GeV 10K
Standard Model W — fv PYTHIA 18721.1 200 GeV< my <500 GeV 20K
Standard Model W — fv PYTHIA 708.26 my >500 GeV 20K
1t MC@NLO 452000 340K

Dijet JO PYTHIA  1.76 x 1013 pr=8—17 GeV 380K

Dijet J1 PYTHIA  1.38 x10'2 pr=17-35 GeV 380K

Dijet J2 PYTHIA  9.33x 10'0 Pr=35-70 GeV 390K

Dijet J3 PYTHIA  5.88 x 10° pr =70 — 140 GeV 380K

Dijet J4 PYTHIA  3.08 x 108 Pr = 140 —280 GeV 390K

Dijet J5 PYTHIA  1.25x 107 Pr =280 —560 GeV 370K

Dijet J6 PYTHIA  3.60 x 10° Pr =560—1120 GeV 380K

Dijet J7 PYTHIA  5.71x10°  pr=1120—2240 GeV 430K

Table 1: Monte Carlo samples used for the study of W’ bosons. /s’ is the centre-of-mass energy
of the two partons and pr represents the transverse momentum of the partons in their rest frame.

3 Reconstruction Performance

3.1 Muon Reconstruction

Muon reconstruction in ATLAS uses all main detector subsystems. The Muon Spectrometer (MS) is
designed to provide efficient and precise stand-alone momentum measurement for muons of transverse
momentum up to O(pr=1 TeV). During the back-tracking of the muon to the production vertex, energy
loss fluctuations can be measured with the use of the calorimeters, which can also provide independent
muon tagging to increase the identification efficiency. For optimum performance in momentum resolu-
tion, the MS information is combined with the track information obtained in the Inner Detector (ID). A
full description of the algorithms for muon performance and identification can be found in [29] and [30].

Figure 1 shows the inverse transverse momentum (1/pr) resolution for muons from decays of a W’
boson for muons below pr =400 GeV and above pr = 800 GeV. Especially relevant for the analysis
are the negative tails in these plots, since they correspond to reconstructed muon candidates that have
a pr larger than that of the true particle. The relative contribution of these tails can be assessed by the
fraction of muon candidates separated by more than 20 from the mean of the distribution (which in
both cases is consistent with zero, as it should). The fraction in that negative tail is (4.9 +0.3)% for
muons with pr < 400 GeV, and (3.8 +0.4)% for pr > 800 GeV (to be compared with 2.275% for
a gaussian distribution). The transverse momentum resolution achieved is shown as a function of the
pseudo-rapidity i and pr in Fig. 2. On average a resolution of 4.5 and 5.5% is recorded for muons from
W’ bosons of m =1 TeV and 2 TeV respectively.

Figures 3 and 4 show the efficiency for combined muon reconstruction as a function of pseudo-
rapidity (1), azimuthal angle (¢) and transverse momentum (p7) for muons from fully simulated W’
boson decays. An overall efficiency of 93.6% and 92.4% is measured for m = 1 TeV and 2 TeV W’
boson samples, respectively. The regions with lower efficiency in muon reconstruction are observed, as
expected, in the middle plane (7 = 0) and in the transition regions between the barrel and the end-cap
sections of the MS (at || ~ 1.2). The regions with low efficiency in ¢ correspond to the feet of the
detector.
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Figure 2: Muon transverse momentum resolution as a function of 1 (left) and py (right) in W’
boson decays. Filled circles represent muons from m = 1 TeV W’ bosons, while open circles

correspond to muons from m = 2 TeV W' bosons.

> >
(5] — — (8} |
& 17 *ﬁ%’ o‘%’“‘&” ”%%’0' Mﬁi ] & 1
o - - Q
E = E E m W¢¢g¢%¢%%¢ O@%
w - | w
0.8 $ i o.aig mf% W? gi
o6r + $ 7 0.6/ ]
L * i r ]
0.4 v ] r 1
“L % o 1TeVW i 0.4~ o 1TeVW -
L o 2TeVW ] r 0 2TeVW ]
0.2 ATLAS 02f ATLAS
N S B B S B I R R B R B
03 2 ) 0 1 2 3 03 2 1 0 1 2 3

n

¢

Figure 3: Combined muon reconstruction efficiency as a function of 1 and ¢ for muons from W’

boson decays.
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Figure 4: Combined muon reconstruction efficiency as a function of p7 for muons from W’ boson
decays.

One important issue in this study concerns the background that can rise from badly reconstructed
muons. Their momentum being wrongly estimated upwards, can cause both the presence of a high pr
muon and, correspondingly, large missing transverse energy (£7). In the definition of the muon, extra
quality criteria may be imposed in order to diminish this probability. In this study, the following mild
requirements are adopted:

e A matching )(2, between MS and ID tracks, smaller than 100 (further discussed in [30]).
e An impact parameter in the z-axis (i.e. the beam axis) smaller than 200 mm.

e An impact parameter significance in the transverse (R-¢) plane smaller than 10.

3.2 Electron Reconstruction

Electron candidates are built starting from clusters of calorimeter cell energy depositions, which are
matched to a track from the inner detector. Electron identification and reconstruction are described in
detail in [31] and [32], where three standard selections were developed to be used in physics searches.
The present study uses the medium set of selection requirements, which consists in several requirements
on the clusters used (size, containment, association with a track, shower shapes and quality of the track
match).

Figure 5 shows the electron energy resolution (in percentage) as a function of pseudo-rapidity (|n|)
and true energy. The average energy resolution for electrons in this energy range is close to 1%, and is
worse in the transition region between the two calorimeter systems. Figure 6 shows the relative differ-
ence between reconstructed and true transverse momenta of isolated electrons with true pr lower than
400 GeV and higher than 800 GeV. The fractions of events in the upper tails (more than 20 over the
fitted mean) are (11.8 £0.6)% and (5.3 £0.5)%, respectively. These non-Gaussian tails are due to the
amount of material in the inner detector and are, therefore, 17-dependent.

3.3 Reconstruction of the Missing Transverse Energy

The final state under consideration includes a neutrino, whose momentum information can be inferred
only partially from the energy imbalance in the detector (since the total transverse momentum of the
event has to add up to zero). The reconstruction of the missing transverse energy in ATLAS (Er) is
described in detail in [33].
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Figure 5: Electron energy resolution as a function of pseudo-rapidity (left) and energy (right) in
W' boson decays. Filled circles represent electrons from m = 1 TeV W’ bosons, while open circles

correspond to m = 2 TeV W’ bosons.
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Figure 6: Electron pr resolution in W’ boson decays, for pr < 400 GeV (left) and p7 > 800 GeV
(right).
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Figure 7: Er resolution in muonic W’ boson decays. my = 1 TeV (left) and 2 TeV (right).
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Figure 8: Er resolution in W’ boson decays to electrons. my = 1 TeV (left) and 2 TeV (right).

The resolution of Er reconstruction in W’ boson events containing muons can be seen in Fig. 7. An
average resolution of ~ 18 GeV (25 GeV for my = 2 TeV) is observed. In the case of my, =2 TeV the
non-Gaussian tails in the resolution are more pronounced, and come from the degraded performance of
muon reconstruction at high pr.

Figure 8 shows the F7 resolution for events that contain one high-pr electron from a W’ boson
decay. The left plot corresponds to the m =1 TeV W’ boson, and the right plot to 2 TeV; the resolutions
are around 10 and 14 GeV, respectively. These values agree well with the expected £7 resolution from
the mean of the scalar sum of transverse energy (< ), Er >) in each case; for the m = 1 TeV sample,
< Y E7 > for the selected events is 439 GeV, which yields an estimated 6 (F7) ~ 0.5\/Y Er = 10.5 GeV,
while the £r resolution for this sample, shown in Fig. 8, is 10.05GeV; for m = 2 TeV, the expected value
(based on < Y Er >) is 13.3GeV, while a fit to the £7 residuals returns 13.7GeV.

3.4 Transverse Mass Reconstruction

In the W’ boson search, the transverse momentum p7 of the single lepton in the event and the missing
transverse energy K7 are combined to obtain the transverse mass as follows:

mr = \/ZPTET(l - COSA%ET)

()

where A¢, Br is the angle between the momentum of the lepton and the missing transverse momentum,

in the transverse plane. Figures 9 and 10 show the transverse mass distributions for m = 1 and 2 TeV
signals, respectively, as obtained from truth information (light gray filled histograms) and the degradation
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Figure 9: Transverse mass distribution for m = 1 TeV W’ bosons, as obtained from the true
particles’ momenta (filled histograms), and from reconstructed information after basic selection
(black outline). Left: electron mode; right: muon mode.
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Figure 10: As Fig. 9, for m = 2 TeV W’ bosons, filled: from true information; outline: recon-
structed transverse mass.

due to detector resolution and efficiency (black hollow histograms). As can be expected from Figs. 2
and 5, the shape of the transverse mass spectrum has a larger distortion in the muon channel than in the
electron channel, with larger tails for higher W’ boson masses. On the other hand, the reconstruction
efficiency is higher in the muon channel (over 86% for each mass) than in the electron channel (about
72%).

Figures 11 and 12 show the distribution of the difference between the “true” transverse mass (i.e. as
obtained from the true momenta of the lepton and the neutrino) and its reconstructed value, for electron
and muon modes, and for m = 1 and 2 TeV W’ boson masses. In Fig. 11, single Gaussian fits are shown;
a fitted width of 11.5 GeV is obtained for the electron channel, while the muon channel, besides having
much larger non-Gaussian tails, has a fitted width close to 30 GeV.

Figure 12 shows the corresponding comparison for a 2TeV signal; however, in this case, the muon
channel (on the right) has a stronger non-Gaussian character, which is why no fit was performed.

4 Trigger
The ATLAS trigger [34] has three levels: events passed by the L1 (level 1) hardware trigger are partially

reconstructed in L2 (level 2) processors and, if accepted there, are fully processed in the EF (event filter)
processor farm. Only events accepted by the EF (and thus also by L1 and L2) are recorded for later
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Figure 12: As Fig. 11, for m =2 TeV W’ bosons.
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reconstruction and analysis.

Trigger rates are estimated in separate studies of the electron [35] and muon [36] trigger systems. We
have measured some of the rates directly in simulation using the dijet and top samples described earlier
in this note. Especially for electrons, the trigger menu and algorithms in the simulated samples are quite
different from those in the above notes which are much closer to those expected to be used during actual
data acquisition. We additionally measured L1 rates and efficiencies for single-electron and single-muon
triggers with thresholds higher than those defined in the simulated trigger menu. The errors we assign to
our rate estimates are purely statistical.

4.1 Electron trigger

For a single electron with an Er threshold of 100 GeV, we measure a L1 rate of 14+ 1 Hz at an instanta-
neous luminosity of 1032 cm~2s~!, similar to the electron trigger study estimate of 10 Hz. The efficiency
to trigger on W/ — ev events for || < 2.5 is 98% for a mass of either 1 or 2 TeV. If the threshold is
raised to 250 GeV, we measure a rate of 2544 Hz at 10’ cm2s~! and an efficiency of 96% for the
2 TeV mass.

Loose requirements in L2 and EF can further reduce these rates with a moderate degradation of
the efficiency. For definiteness in the calculations in the following sections, we assume that a trigger
efficiency (applied after all requirements) of 0.90 £ 0.10 is achieved with an acceptable rate for all W’
boson masses.

4.2 Muon trigger

The trigger menu and algorithms in the simulation samples are similar to those in the muon trigger study
and those expected for data acquisition. In contrast to the electron case, lower thresholds can be applied
thanks to the lower fake rates. A significant decrease in rate is then obtained thanks to an improved
measurement of pr at each level. Applying a threshold of 20 GeV at each trigger level, we obtain an
EF rate of 20 + 10 Hz for an instantaneous luminosity of 10°? cm~2s~!, consistent with the muon study
prediction of 13 Hz. We measure a W — v trigger efficiency for [n| < 2.5 of 74% for m = 1 TeV and
73% at 2 TeV. At 10°3 cm2s~!, we apply a pr threshold of 40 GeV, the maximum L1 value, and obtain
a trigger rate of 4.1 £0.7 Hz close to the 5.6 Hz obtained in the trigger study. The corresponding trigger
efficiency for the m = 2 TeV W’ boson is 69%.

It should be noted that most of the efficiency loss comes from holes in the coverage of the muon
system, where the reconstruction is also inefficient.

5 Event Selection

The decay W' — £v provides a rather clean signature consisting of a high-energy isolated lepton and
large missing transverse energy. The largest backgrounds are the high-pr tail of the W — £v decays and
tf production. Both these final states are accompanied by significant jet activity, but contain also leptons
that are as isolated as those expected from W' — £v decays.

A potentially dangerous background is the one arising from fake leptons; since this issue is more
likely to be significant for electrons than for muons, the backgrounds will be presented separately for
W' — ev and W — pv final states.

5.1 Event Preselection

In addition to the electron and muon identification criteria described above, events are required to have:
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Figure 13: Top: leading lepton pr distributions (left: electron events, right: muon events). Bottom:
Er distribution of events with only one reconstructed lepton with py > 50 GeV (left: electron
events, right: muon events).

e Only one reconstructed lepton with pr > 50 GeV within |n| < 2.5.

e Missing transverse energy E7 > 50 GeV.

Figure 13 shows, on top, the lepton pr distributions for the m = 1 TeV and 2 TeV signal samples,
Standard Model W boson, 7 and dijet production. The dashed vertical line shows the requirement value
(50 GeV). The bottom plots in Fig. 13 show the £ distributions for the same processes after requiring
only one lepton with pr > 50GeV; again, the requirement value (at 50 GeV) is shown with the dashed
vertical line. This selection provides a relatively clean signal in the high transverse mass region, as
shown in Fig. 14, which shows the transverse mass distributions after the requirements on py and 7.
The background can be further rejected by exploiting additional observables, described in next sections:
lepton isolation, lepton fraction and jet veto criteria.

5.2 Background Rejection

After the kinematic requirements are applied, the ¢f and dijets backgrounds are still larger than the high-
mass tail of the Standard Model W boson close to the threshold value on the lepton py and on Er.
Since the uncertainties on the rate of these backgrounds are large, it is desirable to bring them below the
irreducible background from W bosons. To achieve this, additional requirements are imposed on lepton
isolation and on the lepton fraction, described below. A simpler selection strategy, based on a jet veto, is
also explored, since it could prove useful during the first stages of data taking.
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Figure 14: Transverse mass spectrum after the basic kinematic requirements for background and
signal (my = 1 and 2 TeV). Left: electron mode; right: muon mode.
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Y pr (squares) and (Y. pr)/ PTlepton (triangles), for the muon channel. Each color corresponds to a
different value for AR, from 0.1 to 0.5.

5.2.1 Lepton Isolation

As the lepton from a W’ boson decay is expected to be isolated, only events without high energy tracks
around the lepton trajectory are accepted. The tracking isolation is done by requiring that the sum of the
pr of tracks in a AR-cone around the lepton be below a threshold; AR is defined as

AR =/ (A9)*+(An)?,

where A¢ and An are the distances in azimuthal angle and in pseudo-rapidity, respectively, with the
lepton under consideration.

Calorimeter isolation was also explored (the calorimetric energy deposited within the volume be-
tween two AR-cones is required to be below a threshold).

Besides requiring a maximum value of Y pracks, the use of a normalized isolation requirement was
also explored, in which the requirement is applied to the quantity Y priacks/ PTiepton- Five different AR
values were used in both cases; as shown in Fig. 15, the normalized isolation selection achieves a higher
1t rejection for the same efficiencies.

The calorimeter energy difference in two cones is not only of use in the electron case, but also in
the muon one. High p7 muons coming from W’ boson decays can also radiate a lot inside the material
preceding the MS. This radiation appears as energy depositions close to the muon in the calorimeters.
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Figure 17: Left: distribution of an absolute track based isolation variable for muons. Right:
distribution of a relative calorimetry based isolation variable for muons. In both cases the inner
cone of AR=0.1 is subtracted.

As can be seen in Fig. 16 (right) the energy deposition in a cone of AR < 0.1 around the muon is much
higher than the deposition in a cone of AR < 0.5 when the inner cone is subtracted. Moreover, in Fig. 16
(left) it is shown that in the majority of the cases the reconstructed energy deposition agrees well with
the true one. Therefore, the energy deposition in an inner cone (e.g. AR < 0.1) must be subtracted also in
the case of muons when isolation criteria based on calorimetry are applied. Also on track based isolation
criteria an inner cone containing the muon track itself must be subtracted. In this case however, the
inner cone can be much narrower, since it only needs to be able to exclude the track associated with the
lepton under consideration. Figure 17 shows the distributions of the isolation energy for different event
categories. For these plots, muons with pr > 20 GeV are considered.

For the analysis, a loose requirement of 0.05 is used on the normalized track-based isolation for
both channels (electron and muon), and no requirement on the calorimeter-based isolation is applied.
Tracks are included in the sum if 0.02 < AR(track,lepton) < 0.3. This requirement keeps about 99% of
the signal for both masses (my» = 1 and 2 TeV), rejects about 10% of the 7 events left after the basic
selection and rejects over 99% of the dijet background.
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Figure 18: Left: distribution of the lepton fraction variable (see text) for different event categories.
Right: signal efficiency versus 7 efficiency for different requirement values on the lepton fraction
variable.

5.2.2 Lepton Fraction

Another variable that can be used to reduce the dijet and ¢7 backgrounds is the “lepton fraction” of the
event, which can be expressed as ). plTel7 rons /(X Pl;pmm +Y Er), where the scalar sum on the lepton pr
sums over K7 as well. Essentially this variable measures the fraction of energy that can be attributed to
leptons (including neutrinos, which are assumed to be the main contribution to £7) in an event. Here,
out of the visible leptons, only the most energetic one is included in the sum (its pr is added to the £7 to
form Y’ pl;p ') The distribution of this variable is shown for different event categories in Fig. 18 (left).
As expected, it shows a much lower value for 77 events (in pink) than for the rest of the samples used
(W’ boson signals and Standard Model W bosons). The efficiency for signal versus ¢f events for different
values of the variable, is shown in Fig. 18 (right). A requirement at 0.5 results in a signal efficiency of
~ 96% in both channels and a rejection factor of ~45 against the #f background, and it suppresses all the

remaining dijet events. This value will be used subsequently.

5.2.3 Jet Veto and Jet Multiplicity Requirements

A selection procedure based solely on veto-ing events with high jet activity could provide an alternative
way to extract a signal in this search. Several requirements on jet activity were explored; in some, events
were rejected if they include any jet over an energy threshold, in others, jet multiplicity information
is used. The jet veto was applied just after the basic selection (i.e., lepton identification, pr and Er
requirements).

Figure 19 shows the distribution of the py of the leading jets; the distribution on the left corresponds
to the electron channel and the one on the right to the muon channel. Tables 2 and 3 show the expected
rates for several jet veto criteria .

Figure 20 shows how after a 200GeV jet veto requirement (and without isolation or lepton fraction
requirements), most of the 77 and dijet background is rejected, and the signal to background ratio is good
for high transverse mass values. Although the signal is reduced by between 20 and 30% with respect to
selecting on isolation and lepton fraction, a jet veto requirement may be a good tool if the calibration of
the Y Er (used to compute the lepton fraction) is not well understood in early data. However, in what
follows, this requirement is not used.
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o[pb]

Requirement W 1TeV | W' 2TeV | w | 1 | Dijets
No jets with pr > 100 GeV 1.73(3) 0.069(1) 3.25(4) | 2.79(5) | 1716
No jets with pr > 200 GeV 2.37(3) 0.097(1) 4.12(5) | 9.19(8) | 2116
No jets with pr > 500 GeV 3.07(4) 0.131(2) 4.89(5) | 15.4(1) | 3617
Less than 4 jets with pr > 40 GeV | 2.994) | 0.1302) | 4.84(5) | 3.85(5) | 33+16
Less than 3 jets with pr > 100 GeV | 3.01(4) 0.131(2) 4.85(5) | 7.21(7) | 3416
Less than 2 jets with pr > 200 GeV | 2.91(4) 0.126(2) 4.74(5) | 9.28(8) | 3116
200GeV veto, my > 0.7 TeV 13103) 0.0221(6) | 0 0

200GeV veto, my > 1.4 TeV 0.0473(1) | 0.0008(1) 0 0

Table 2: Cross-sections for signal and backgrounds for dijets, 77, W and W’ boson samples for
different requirements on jet content for the electron channel. The number in brackets is the error

on the least significant digit.

o|[pb]

Requirement W 1TeV [W2TeV| W | 1 | Dijets
No jets with pr > 100 GeV 1.993) | 0.088(1) | 3.76(4) | 3.36(5) | 0.8+0.8
No jets with py > 200 GeV 2.80(4) | 0.123(2) | 4.78(5) | 11.199) | 4.2+1.8
No jets with pr > 500 GeV 3.63(4) | 0.163(2) | 5.69(5) | 18.8(1) | 22+4
Less than 4 jets with pr >40GeV | 3.49(4) | 0.162(2) | 5.64(5) | 4.53(6) | 22+4
Less than 3 jets with pr > 100GeV | 3.52(4) | 0.164(2) | 5.66(5) | 8.52(8) | 22+3
Less than 2 jets with pr >200GeV | 3.42(4) | 0.158(2) | 5.51(5) | 11.01(9) | 18+3
200GeV veto, mr > 0.7TeV 1.56(3) 0.03(1) 0 0
200GeV veto, mr > 1.4TeV 0.062(1) | 0.003(1) 0 0

Table 3: Cross-sections for signal and backgrounds for dijets, 77, W and W’ boson samples for
different requirements on jet content for the muon channel. The number in brackets is the error on

the least significant digit.
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Figure 19: Distributions for the pr of the leading jet.
selection.

Left: electron selection. Right: muon
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Figure 20: mr spectrum after preselection requirements and a jet veto of Er < 200 GeV. Left:
events with a high-pr electron; right: events with a high pr muon.
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Figure 21: Expected transverse mass spectra after all requirements. Left: electron channel; right:
muon channel.

5.3 Event Selection Results

Figure 21 shows the expected transverse momentum spectra for signal and background for both channels
after all requirements (preselection, isolation, and lepton fraction). The selection requirement flow is
shown in Tables 4 and 5. The transverse mass requirement has been chosen by maximizing the expected
significance at the luminosity needed to get a 5o excess. The initial cross-sections for the W’ boson
signals and for the high mass W boson tail include the K-factor obtained in section 6.1.
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o [pb]
Requirement W (ITeV) | W (Q2TeV) | W tail | it | Dijets[1-7]
(No requirement) 4.99 0.231 10.28 452 1.91 x 1010
Preselection 3.67£0.04 | 0.1604+0.002 6.80+0.06 150.5740.40 | (13.640.2) x 10°

pr > 50 GeV 3.43+0.04 | 0.150+0.002 5.53+0.05 51.134£0.23 | (7.23+0.6) x 10°
Er > 50 GeV 3.40+0.04 | 0.149+0.002 5.19+£0.05 25.78+0.16 | 45.33£16.65

Isolation 3.36+0.04 0.148+0.002 5.01+£0.05 23.30+£0.16 | 0.65+0.13
Lepton fraction 3.25+0.04 0.14540.002 4.10£0.04 0.50£0.02 0
mr > 700 GeV 1.86+0.03 0.0317£0.0008 0 0
mr > 1400 GeV 0.0740+0.001 | 0.0014+0.0002 0 0

Table 4: Cross-section for signal and backgrounds after each requirement. Electron mode.

o [pb]
Requirement W (ITeV) [ W (Q2TeV) | W tail | it | Dijets[1-7]
(No requirement) 4.99 0.231 10.28 452 1.91 x 1010
Preselection 4.2840.05 | 0.199+0.002 7.7740.06 | 205.30+0.46 | (11.2+0.19) x 10°

pr > 50 GeV 4.03£0.04 | 0.187£0.002 6.40+0.06 61.714+0.25 (1.2440.26) x 10°
Er > 50 GeV 4.00£0.04 | 0.186+0.002 6.04+0.05 31.34+0.18 | 74.324+23.28

Isolation 3.95+0.04 | 0.18540.002 5.99+0.05 28.70+0.17 1.00+0.82

Lepton fraction 3.81£0.04 | 0.181£0.002 4.85+0.05 0.64+0.03 (1.9641.38) x 1073
mr > 700 GeV 2.20+£0.03 0.043+0.002 0.007£0.003 | 0.001+0.001

mr > 1400 GeV 0.094+0.0001 | 0.0031+£0.0006 | 0.001+£0.001 | 0.001+0.001

Table 5: Cross-section for signal and backgrounds after each requirement. Muon mode.

6 Systematic Uncertainties

6.1 Generator-level Systematic Uncertainties

The input for the full simulation studies described in earlier sections was obtained by generating W’ boson
events using PYTHIA [27]. Events in the high-mass tail of the W boson were generated using PYTHIA
as well. Both use the default PYTHIA parton distribution functions (PDFs), CTEQ6I, the CTEQ6 [37]
LO (leading-order) fit with NLO (next-to-leading-order) cs. Here we report on generator-level studies
which examine the effects of making use of the NLO matrix elements and varying the PDFs.

6.1.1 Higher Orders

To evaluate contributions from higher order diagrams, we used MC@NLO [38] input to the HER-
WIG [39] event generator. Both W and W’ boson events were generated using the W boson production
process with the W boson mass set to the W’ boson value for the latter. The W’ boson widths were set
to the values calculated by PYTHIA. The masses and widths used are listed in Table 6. Both MC@NLO
and HERWIG were run using the default HERWIG PDFs, MRST2004nlo, the MRST 2004 fit using the
standard MS scheme at NLO [40].

One million events were generated for each generator at each of the masses. The cross-section is
calculated for transverse mass above 70% of the W’ boson mass, i.e. above the values listed in Table 6.

We define the K-factor to be the ratio of the MC@NLO cross-section to that from PYTHIA. These
are shown as functions of 1 in Fig. 22.
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K-factor

K-factor

K-factor

| M (GeV) | T (GeV) | Minimum mz (GeV) |

1000
2000
3000

34.739
70.540
106.390

700
1400
2100

Table 6: Masses and widths used as input to MC@NLO/HERWIG generation of W’ boson events.
The third column gives the lower limit for the masses used to calculate cross-sections.
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Figure 22: W’ boson K-factors (ratios of MC@NLO and PYTHIA cross-sections) as functions of 1
for positive (left) and negative (right) charge for masses of 1 (top), 2 (middle) and 3 TeV (bottom).
S is the common scale factor. The errors are statistical.
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Integrals of the W’ boson and W boson tail differential cross-sections are given in Table 7. The NLO
predictions are 30-40% higher than those from PYTHIA, with little change with the variations in scale.
Although the NLO/LO cross-section and acceptance ratios are of order 40%, the uncertainties on the
NLO values are expected to be significantly smaller. Also, the QED corrections are partially included
through PHOTOS [41] for FSR, and should have a small impact on the measurements in case of the

observation of a signal.

| Process | Min. my | PYTHIA 6 (fb) | NLO o (fb) | K-factor | S=0.5]  S=2.0 |
W/ (m=1TeV)+ 700 534. ()| 742. (1)]1.380(4) | 1.8% (2) | -1.8% (2)
W!'(m =1 TeV)- 700 | 1204, (1) | 1644.  (2) | 1.365(3) | 1.7% (2) | -1.8% (2)
W/(m =2 TeV)+ 1400 62.6 (1) | 830 (1)]1327(3) |27% (2) | -1.6% (2)
W'(m =2 TeV)- 1400 203 (6) | 277 (4| 1.362(4) | 3.0% (2) | -1.4% (2)
W/(m =3 TeV)+ 2100 6.73 (1) 8.69 (1) | 1.292(3) | 3.7% (2) | 4.4% (2)
W'(m = 3 TeV)- 2100 1.791 (6) 2.540 (4) | 1.370(5) | 3.7% (2) | 4.4% (2)
W+ 700 2022 (7)| 27.66 (8) | 1.368 (6) | 2.2% (4) | -0.6% (4)
w- 700 893 (5)| 12.56 (4) | 1.407(9) | 2.6% (5) | -0.8% (5)
W+ 1400 1.042 (4) | 1424 (4) | 1.366 (7) | 2.2% (5) | -1.5% (5)
w- 1400 0354 (2) | 0499 (2) | 1.41 (1) | 1.8% (6) | -1.6% (5)
W+ 2100 0.1231 (3) | 0.1657 (3) | 1.346 (4) | 3.0% (3) | 2.4% (3)
w- 2100 0.0346 (1) | 0.0492 (1) | 1.421 (6) | 3.1% (3) | 2.5% (3)

Table 7: Integrated W’ boson and W boson tail cross-sections for PYTHIA and MC@NLO with
common scale factor S=1. Integral is over the full 1 range —2.5 < n < 2.5. The listed K-factors
are the ratios of the integrated MC@NLO and PYTHIA cross-sections. The last two columns give
the change in the MC@NLO cross-section when the common scale factor is changed by a factor
of two. The statistical error in the last digit of each calculated quantity is shown in parentheses.

6.1.2 Parton Distribution Functions

The LHC will take data in a new energy regime and so we expect significant uncertainty in signal and
background predictions due to our uncertainty in knowledge of the PDFs.

The CTEQ6.1 fits include 40 error PDFs corresponding to the two limits on each of 20 eigenvectors.
These can be used to estimate the uncertainty in predictions obtained with the fit. Figure 23 shows the
PYTHIA prediction for the m = 1 TeV W’ boson differential cross-section as a function of 1 for the
CTEQ6.1 central value and each of the 40 error sets. Events are required to have transverse mass above
the threshold in Table 6.

We calculated cross sections for W’ boson production with mass of 1 TeV using the CTEQ6.1 cen-
tral value and error PDFs by integrating over the full 1 range (|n| < 2.5) in Fig. 23. To estimate the
overall uncertainty, the positive and negative deviations for each eigenvector were summed separately in
quadrature for each charge sign. Where both deviations for an eigenvector had the same sign, only the
larger magnitude was included in the sums. Table 8 shows the results.

Combining all the above, we assign a common K-factor of 1.37 for all masses and charges and assign
an 8% uncertainty on this factor.
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Figure 23: Muon 7 distributions for positively- and negatively-charged m = 1 TeV W’ bosons
using the CTEQ 6.1 PDF central value (black) and 40 error sets.

’ Process ‘ Min. mr ‘ W+ ‘ w- ‘
[ W (m=1TeV) | 700 |-4.1% (5),+8.2% (5) | -11.1% (7),+3.5% (3) |

Table 8: CTEQ6.1 combined error set deviations for W’ boson cross-sections. The statistical error
on the last digit is shown in parentheses.

6.2 Instrumental Uncertainties

Detector related uncertainties for these studies can be easily divided in two categories: the ones related
to the Reconstruction of the leptons and the ones corresponding to the global event activity as the £ and
the jet characteristics. However, the lepton reconstruction uncertainties can be the dominant factor in the
Er resolution

6.2.1 Lepton Reconstruction

Three main contributions can be easily identified in this category. The efficiency of lepton identification,
as well as the fake rates associated with this, the pr or E7 scale and its measurement resolution.

Systematic errors on the momentum scale of the muons can arise for instance due to the non-perfect
knowledge of the magnetic field. To take into account such effects, a variation of +1% is applied to the
pr of the reconstructed muons. Positive and negative variations are considered separately. In a similar
way but for energy, a variation of £0.5% was made for electrons.

An incomplete understanding of the material distributions inside the detector as well as possible
misalignments in the MS can lead to an additional smearing of the momentum measurement resolution.
To evaluate the impact of such contributions on the analysis, a smearing, based on early calibrations of
o(1/pr) =0.011/pr ©0.00017 is applied. The first term enhances the Coulomb scattering smearing,
while the second enhances the alignment contribution, and is the crucial factor in this study.

For the energy measurement resolution for electrons, the total 6(E7) is smeared by 0.0073 x E7,
which enhances the constant term only.

Lepton identification efficiency is obviously important for this analysis. The identification efficiency
can be estimated from the data, using the tag-and-probe method described in [42] for muons in the region
20 < pr < 50 GeV and extrapolated to higher pr using simulated data. A value of 5% has been chosen
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for the evaluation of this uncertainty, corresponding to the early running period of integrated luminosities
% <100 pb~!. In the case of electrons a +1% variation has been applied.

6.2.2 Jet Reconstruction

An uncertainty on the jet energy scale of 7% was imposed, together with an uncertainty on its resolution
of 6(Er) =0.45 X VEr ®5%.

6.2.3 Missing Energy

If jets or leptons are systematically shifted, then missing transverse energy should be systematically
shifted in a known direction. Based on the jet and leptons performance, the missing energy is shifted as
follows:

on/j lepton/ jet
o B sirea) (¥) = B (x) + Elerionl et () — PN (x)
j lept jet
BT (hifrea) ) = Er(y) + E'Pion/i (y) — Esziﬁ}zo:d/ )
lepton/ j lepton/ j
[ ZET(S/’llfled) — ZET +ET€PI(I1/]€I —E;éxl;‘t/e];;

In the case of muons, momentum is used instead of energy.

6.3 Summary of Systematic Uncertainties

The effects of the experimental uncertainties are summarized in Tables 9 and 10.

electrons muons
Description of systematic | §o; [%] | 0}, [%] | 60 [%] | 60, [%]
lepton energy scale + +0.8 +1.8 +1.2 +4.6
lepton energy scale - -0.7 -2.1 -1.2 -4.4
lepton energy resolution +0.1 +0.2 -1.0 +3.7
efficiency + +1.0 +1.0 +5. +5.
efficiency - -1.0 -1.0 -5. -5.
Jet energy scale + +0.1 -0.2 -0.1 +0.1
Jet energy scale - +0.1 -0.2 +0.1 +0.7
Jet energy resolution +0.0 +0.1 -0.1 +0.3
Luminosity +3. +3.

Table 9: Effect of the detector systematics in percentage for my = 1 TeV.

7 Discovery Potential

In order to assess the ATLAS discovery potential in the search for a W/ — ¢+ Er signal, the luminosity
needed for a 50 excess is obtained as a function of the mass of the W’ boson.

The significance is obtained from the expected number of signal and background events in the region
mr > 0.7my, where my is the mass of the hypothesized W’ boson. Calling these expected numbers s
and b, respectively, the significance S is obtained as

S=1/2((s+b)In(1+s/b) —s)
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electrons muons
Description of systematic | 80 [%] | 80y [%] | 60 [%] | S0, [%]
lepton energy scale + +0.7 +1.2 +1.5 +3.4
lepton energy scale - -0.4 -3.7 -1.7 -2.5
lepton energy resolution -0.03 0.0 -4.2 +6.8
efficiency + +1.0 +1.0 +5. +5.
efficiency - -1.0 -1.0 -5. -5.
Jet energy scale + +0.1 1.2 +0.1 +0.8
Jet energy scale - -0.1 0 -0.3 -0.1
Jet energy resolution -0.1 0 +0.1 -0.1
Luminosity +3. +3.

Table 10: Effect of the detector systematics in percentage for my =2 TeV.

which gives a good approximation to the likelihood-ratio based significance in the low statistics regime.
Figure 24 shows the expected integrated luminosity needed for a 5-sigma excess as a function of the
mass of the W’ boson.

Higher order corrections for W' /W — {v processes are taken into account as stated in section 6.1.
Systematic uncertainties listed in Tables 9 and 10 are taken into account by increasing the expected
background by the sum in quadrature of its positive expected variations, and by reducing the signal by
the sum in quadrature of its expected negative variations; this assumes no correlations of the expected
signal and background expectations and, as a result, produces a conservative estimate.

For comparison, the integrated luminosity values for a 5¢ significance were also obtained taking
into account the shape of the signal and background my distributions. This was done using a technique
in which, instead of an ensemble of Monte Carlo pseudo-experiments [43], a Fast Fourier Transform
(FFT) is used to calculate the experimental estimator distributions [44]. This method allows a fast de-
termination of the probability that background fluctuations produce a signal-like result, but it depends
on the assumption that both the location of the signal and its shape are well known. Treating each bin
of the transverse mass distribution as an independent search channel, and combining them accordingly,
the resulting sensitivity is in general higher than the estimation given in the number counting approach.
With this method, the luminosity required for a 5o effect was reduced between 20 and 35% with respect
to the values shown in Fig. 24.

Even for very low integrated luminosities (of the order of picobarns), a W’ boson with a mass above
the current experimental limits could be found with a significance in excess of 50, while, with 1 b1,
masses of the order of 3 TeV can be reached. As an illustration, Figs 25 and 26 show Monte Carlo
outcomes of pseudo-experiments corresponding to 10 pb~! and 100 pb~!, respectively, for both channels.
The solid line histograms depict the expected background, those in dotted lines the m = 1 TeV W’ boson
signal and the dashed-dotted line histograms show possible m = 2 TeV W’ boson signals.

8 Summary and Conclusion

The potential for the ATLAS experiment to reconstruct and identify the decay of a heavy, charged gauge
boson into a lepton and a neutrino has been studied. Various systematic and theoretical uncertainties
have been considered, as well as plausible estimations of our uncertainties about the performance of the
detector in the early stages of data taking. These studies show that, even with integrated luminosities as
low as 10 pb~! of data, it would be possible to discover this type of bosons, should they exist not far
beyond the current experimental limits. With an integrated luminosity of a few fb~!, ATLAS has the
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Figure 24: Integrated luminosity needed to have a 5o discovery as a function of the mass of the
W' bosons; triangles correspond to the eV search, squares to iV, circles to the combined search.
Filled markers include the effect of systematic uncertainties.
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Figure 25: Monte Carlo pseudo-experiment for 10 pb~!. Left: electron channel; right: muon
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Figure 26: Monte Carlo pseudo-experiment for 100 pb~!. Left: electron channel; right: muon
channel.
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potential to discover these particles for masses up to 4 TeV.
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Search for Scalar Leptoquarks and Right-handed W Bosons and
Neutrinos in Dilepton-Jets Final States

The ATLAS Collaboration

Abstract

Final states with high-pr leptons and jets are predicted by many Beyond the Standard
Model (BSM) scenarios. Two prominent models are used here as guides to understanding
the event topologies: the scalar leptoquarks and the Left-Right Symmetry. In contrast
to many SUSY signatures, their topologies rarely contain missing energy. Their discovery
potential with early ATLAS data, corresponding to an integrated luminosity of a few
hundred inverse picobarns, is discussed.
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Figure 1: Feynman diagrams for leptoquark production.

1 Introduction

Grand Unification has inspired many extensions of the Standard Model. Such models introduce new,
usually very heavy particles and previous searches for Grand Unification Theory (GUT) signatures
have placed limits on masses and interaction strengths of the new particles. The LHC will probe new
regions of parameter space, allowing for a direct search for these particles. Decays characterized by
final states with two highly energetic leptons, two jets and no missing transverse energy are studied
in this note. The models for new physics considered for this note are described below. The simulation
of signal and background processes is described in section 2. In section 4 the baseline selection that
is used for all analyses is explained. After the trigger requirements are given (section 3), section 5
details the specifics of each of the analyses. The systematics are described in section 6 and the final
sensitivity estimates are given in section 7.

1.1 Leptoquarks

The experimentally observed symmetry between leptons and quarks has motivated the search for
leptoquarks (LQ), hypothetical bosons carrying both quark and lepton quantum numbers, as well
as fractional electric charge [1-5]. Leptoquarks could, in principle, decay into any combination of a
lepton and a quark. Experimental limits on lepton number violation, flavor-changing neutral currents,
and proton decay favour three generations of leptoquarks. In such a scenario, each leptoquark couples
to a lepton and a quark from the same Standard Model generation [6]. Leptoquarks can either be
produced in pairs by the strong interaction or in association with a lepton via the leptoquark-quark-
lepton coupling. Figure 1 shows the Feynman diagrams for leptoquark production processes available
at the LHC.

This note describes the search for leptoquarks decaying to either an electron and a quark or a
muon and a quark. The branching ratio of a leptoquark to a charged lepton and a quark is denoted
as 0. Decays to neutrinos are not considered, and events are not explicitly selected based on the
flavor of the quark. The experiments at the Tevatron have searched for first (decaying to eq), second
(decaying to pq), and third (decaying to 7¢) generation scalar leptoquarks. For 3 = B(LQ — (*q) = 1,
the DO [7] and CDF [8] collaborations have set 95%CL limits for first generation scalar leptoquarks
of mrq, > 256 GeV and mpq, > 236 GeV, respectively. These limits are based on integrated pp
luminosities of approximately 250 pb~! and 200 pb~!. The results for second generation leptoquarks,
mLq, > 251 GeV and myq, > 226 GeV, were obtained with 300 pb~! and 200 pb~! by the DO [9]
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and CDF [10] experiments, respectively.
The Tevatron exclusion limits are expected to reach 300-350 GeV in the near future.

1.2 Left-Right Symmetry

Left-Right Symmetric Models (LRSMs) of the weak interaction address two important topics: the
nonzero masses of the three known left-handed neutrinos [11] and baryogenesis. LRSMs conserve parity
at high energies by introducing three new heavy right-handed Majorana neutrinos N., N, and N;.
The smallest gauge group that implements a LRSM is SU(2)r, x SU(2)r x U(1)p—_r. At low energies,
the left-right symmetry is broken and parity is violated. The Majorana nature of the new heavy
neutrinos explains the masses of the three left-handed neutrinos through the see-saw mechanism [12].
The lepton number L could be violated in processes that involve the Majorana neutrinos. This opens
a window to the very attractive theoretical scenario for baryogenesis via leptogenesis, where baryon
and lepton numbers B and L are violated but B — L is conserved.

In addition to the Majorana neutrinos, most general LRSMs also introduce the new intermediate
vector bosons Wg and Z’, Higgs bosons, and a left-right mixing parameter. The most restrictive
lower limit on the mass of the Wx boson comes from the K; — Kg mass difference which requires
my, > 1.6 TeV. This lower limit is subject to large corrections from higher-order QCD effects. Heavy
right-handed Majorana neutrinos with masses of about a few hundred GeV would be consistent with
the data from supernova SN1987A. Such heavy neutrinos would allow for a Wx boson at the TeV
mass scale. This scenario would also be consistent with LEP data on the invisible width of the Z
boson. Present experimental data on neutral currents imply a lower limit on the mass of a Z’ boson
of approximately 400 GeV. Recent direct searches [13] for the Wx boson at DO give a lower mass
limit of 739 GeV and 768 GeV, assuming the Wx boson could decay to both lepton pairs and quark
pairs, or only to quark pairs, respectively. However, heavy Majorana neutrinos decaying to a lepton
and a pair of quarks (detected as jets) were not searched for in those analyses.

The new intermediate vector bosons Wx and Z’ would be produced at the LHC via the Drell-Yan
(DY) process like normal W and Z bosons. Their decays would be a source of new Majorana neutrinos.
The Feynman diagram for Wx boson production and its subsequent decay to a Majorana neutrino is
shown in Fig. 2. This note describes an analysis of Wx boson production and its decays Wr — eN,
and Wgr — pN,, followed by the decays N. — eq’'q and N, — p1¢'q, which can be detected in final
states with (at least) two leptons and two jets.

Figure 2: Feynman diagram for Wx boson production and its decay to the a Majorana neutrino N,.
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mpg in GeV | o(pp — LQLQ) (NLO) in pb
300 101 +£ 1.5
400 2.24 + 0.376
600 0.225 £ 0.048
800 0.0378 £ 0.0105

Table 1: NLO cross-sections for scalar leptoquark pair production at the LHC.

2 Simulation of Physics Processes

2.1 Leptoquarks

The signals have been studied using samples of first generation (1st gen.) and second generation
(2nd gen.) scalar leptoquarks simulated with the Monte Carlo (MC) generator PYTHIA [14]. The next
to leading order (NLO) cross-sections for leptoquark pair production at 14 TeV pp centre-of-mass
energy are shown in Table 1 for the four simulated leptoquark masses.

2.2 Left-Right Symmetry

Studies of the discovery potential for Wx bosons and the Majorana neutrinos, N, and N, produced
in their decays, were performed using datasets simulated with the MC generator PYTHIA according to
a particular implementation [15] of a LRSM described in [16]. The Standard Model axial and vector
couplings, the CKM matrix for the quark sector, no mixing between the new and Standard Model
intermediate vector bosons, and phase space isotropic decays of Majorana neutrinos are assumed
for the right-handed sector in this model. The products of leading-order production cross-sections
o(pp — WgrX) and branching fractions to studied final states Wr — ¢N, — (ljj are 24.8 pb for
mwy = 1800 GeV,my, = my, = 300 GeV and 47.0 pb for my,, = 1500 GeV,my, = my, = 500 GeV.
In the rest of this note, these samples are referred to as LRSM_18_3 and LRSM_15_5, respectively.
The Majorana nature of the new heavy neutrinos allows for same-sign and opposite-sign dileptons.

2.3 Background Processes

The main sources of background for the analyses presented here are t¢ and Z/v*+jets production pro-
cesses. Multijet production where two jets are misidentified as leptons represents another background.
In addition, minor contributions arise from diboson production. Other potential background sources,
such as single-top production, were also studied. Their contribution was found to be insignificant.

e Z/~* background was studied using a combination of two MC samples with generator-level
dilepton invariant mass preselections of myg > 60 GeV and my, > 150 GeV, the latter sam-
ple corresponding to a much larger integrated luminosity than the former. The samples were
normalized to the given luminosity using their partial cross-sections and the NLO estimate
o(pp — Z) x B(Z — £t¢~) = 2032 pb, obtained with the MC generator FEWZ [17,18].

For logistical reasons, the sample with the lower mass preselection was generated using the
MC generator PYTHIA [14], and the sample with higher mass preselection was generated using
HERWIG [19]. In both cases, the CTEQG6L1 [20] parton distribution functions were used. The
consistency between the two samples was verified at high dilepton masses.

e tt background was simulated using the MC generator MC@QNLO [21] using the CTEQ6M [20]
parton distribution functions. It was normalized to the given integrated luminosity using a
production cross-section of 833 pb estimated to the next-to-leading order (NLO+NLL) [22].
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e The diboson samples were generated using HERWIG with a generator-level preselection on the in-
variant mass of Z/v* > 20 GeV. With this requirement, the NLO partial cross-sections for WW,
W Z and ZZ boson pair production processes were numerically estimated (using MC@QNLO) to
be 117.6 pb, 56.4 pb, 17.8 pb, respectively. The CTEQG6L1 parton distribution functions were
used for event generation.

e The multijet background was simulated using PYTHIA with the CTEQG6L1 structure functions.
The normalization was based on PYTHIA cross-section estimates. After lepton identification
requirements, the statistics of these samples are very limited, such that no reliable estimate of
this background could be made at this time.

3 Trigger Requirements

The trigger system [27] of the ATLAS experiment has three levels, L1, L2 and the Event Filter (EF).
To ensure high overall trigger efficiencies, our analyses rely on single lepton trigger streams with
relatively low thresholds. The dielectron analyses rely on the single electron-based trigger called 55
which has a threshold of around 60 GeV [27]. When selected events fail this trigger, the analyses rely
on the lower-threshold (about 25 GeV) single electron trigger called e22i [27] in which the electron
is required to be isolated. A single muon trigger with threshold about 20 GeV (mu20 [27]) is used in
the dimuon analyses.

Final states studied in this note always contain two high-pr leptons. While the baseline selection
described in section 4 requires two leptons with ppr > 20 GeV, most signal events contain at least one
lepton with significantly higher pr. As a result, the overall trigger efficiency for events that satisfy all
analysis selection criteria (section 5) exceeds 95%. The trigger efficiencies for signal MC events that
satisfy all selection criteria are shown in Table 2.

Process L1 L2 EF | L1*L2*EF
Ist gen. leptoquarks mpg = 400 GeV 100.0% | 99.4% | 97.6% 97.0%
2nd gen. leptoquarks mpg = 400 GeV 97.7% | 99.1% | 99.7% 96.5%

LRSM (ee) myy,, = 1800 GeV, my, = 300 GeV | 100.0% | 99.2% | 97.2% | 96.4%
LRSM () mw,, = 1800 GeV, my, = 300 GeV | 96.8% | 98.7% | 98.9% | 94.5%

Table 2: Overall trigger efficiencies for signal events that satisfy all selection criteria.

4 Baseline Event Selection

The baseline event selection, common for all analyses presented in this note, requires two leptons and
two jets. All analyses use the same selection criteria for signal electron, muon, and jet candidates.
The baseline selection criteria for these reconstructed objects are summarized below. Performance
studies are described elsewhere [23-26].

Electron candidates are identified as energy clusters reconstructed in the liquid argon electro-
magnetic calorimeter that match tracks reconstructed in the inner tracking detector and satisfy the
medium electron identification requirements [23].

Muon candidates are identified as tracks in the inner tracking detector whose extrapolations match
tracks in the muon spectrometer [24] and satisfy relative isolation energy requirements E%°/p4. < 0.3.
pl7 is the muon candidate’s transverse momentum and E%° is the energy detected in the calorimeters
in a cone of AR=v/An? + A¢2=0.2 around the muon candidate’s reconstructed trajectory, corrected
for the expected energy deposition by a muon.
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Jets are identified as energy clusters reconstructed in the calorimeters using a AR=0.4 cone al-
gorithm [25]. AR between a jet and any electron candidate (as defined above) must be larger than
0.1. This veto is imposed to avoid electrons being misidentified as jets. It is applied in all analyses,
regardless of whether electrons are explicitly considered in the final states or not. The jet energy
scale calibration is performed using full MC simulation and requires that the average reconstructed
jet energy agrees with the average predicted jet energy. The same jet reconstruction algorithm, with
cone size AR = 0.4, is used for both reconstruction and calibration.

All objects are requested to have pp > 20 GeV, the leptons must have an absolute pseudo-rapidity
|n| smaller than 2.5 and jets must have n < 4.5.

To suppress contributions from Drell-Yan backgrounds, the dilepton invariant mass is required to
be at least 70 GeV. Tighter analysis-specific requirements are later applied to this and other variables
in order to achieve the best sensitivities in individual studies, as described in the following section.

5 Individual Analyses

5.1 Search for Leptoquark Pair Production

Following the baseline object identification criteria described above, the leptoquark pair analyses
require events to have at least two oppositely charged leptons of the same flavour and at least two
jets. Signal sensitivity and discovery potential are estimated using a sliding mass window algorithm:
only events in the mass region around the assumed mass of the leptoquark are analyzed.

For large leptoquark masses, leptons and jets have larger transverse momenta in signal events than
background events. The following kinematic quantities are used to separate the signal from back-
grounds: The transverse momentum of the leptons (pr ), the scalar sum of the transverse momenta of
the two most energetic jets and leptons (St = 3 [Pr;; + 3 [P7e,), the dilepton invariant mass (my),
and lepton-jet invariant mass. The lepton-jet invariant mass represents the mass of the leptoquark if
the correct lepton-jet combination is chosen. Since there are two leptons and two jets there are two
possible combinations, and we choose the combination which gives the smallest difference between the
masses of the first and second leptoquark candidates.

Physics Before | Baseline St > Mee > mllj - m%j window (GeV)
sample selection | selection | 490 GeV | 120 GeV | [320-480] - | [700-900] -
[320-480] | [700-900]
LQ (m = 400 GeV) | 2.24 1.12 1.07 1.00 0.534 ;
LQ (m =800 GeV) | 0.0378 0.0177 0.0177 0.0174 - 0.0075
Z/~v* > 60 GeV 2032. 49.77 0.722 0.0664 0.0036 0.00045
tt 833. 3.23 0.298 0.215 0.0144 0.0
Vector Boson pairs 60.94 0.610 0.0174 0.00384 0.00049 0.0
Multijet 108 20.51 0.229 0.184 0.0 0.0

Table 3: 1st generation leptoquark analysis. Partial cross-sections (pb) that survive selection criteria.

In both channels, the values of these selection criteria are optimized to achieve discovery with
50 significance at the lowest luminosity possible. Tables 3 and 4 list these selection values and
resulting signal and background cross-sections for 1st and 2nd generation channels, respectively. One
important difference between the two channels is the background due to jets being misidentified as
electrons. This background can be significantly reduced by requiring both reconstructed jet-electron
masses, (mllj, lej), to be close to the tested leptoquark mass. However, such a selection in the 2nd
generation analysis would significantly reduce the signal efficiency, especially for larger leptoquark
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Physics Before | Baseline | p4>60 GeV St > My > my; window (GeV)
sample selection | selection | p4*>25 GeV | 600 GeV | 110 GeV | [300-500] ‘ [600-1000]
LQ (400 GeV) 2.24 1.70 1.53 1.27 1.23 0.974 -

LQ (800 GeV) | 0.0378 0.0313 0.0306 0.0304 0.030 - 0.0217
Z/y* >60 GeV 2032. 79.99 2.975 0.338 0.0611 0.021 0.014
tt 833. 4.17 0.698 0.0791 0.0758 0.0271 0.0065
VB pairs 60.94 0.876 0.0654 0.00864 | 0.00316 | 0.00185 0.00076
Multijet 103 0.0 0.0 0.0 0.0 0.0 0.0

Table 4: 2nd generation leptoquark analysis. Partial cross-sections (pb) that survive selection criteria.

masses. Therefore, only the average of the two muon-jet masses (m?]”) is required to be near the
tested leptoquark mass.
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Figure 3: St in leptoquark MC events (mpg = 400 GeV) after baseline selection. Left: 1st generation, right:
2nd generation with the additional requirements ph. > 60 GeV and pls* > 25 GeV.

Figure 3 shows the St variable distribution with mrg = 400 GeV, along with the main back-
grounds, Drell-Yan and t¢ production, after baseline selection plus, for the 2nd generation case, the
requirements ph. > 60 GeV and pls* > 25 GeV.

The dilepton mass distribution after the St selection can be seen in Figure 4.

Figures 5 and 6 show the reconstructed invariant mass of leptoquark candidates (mpo=400 GeV) in
signal events and the main backgrounds, Drell-Yan and ¢t production, after the subsequent selections
on dimuon mass and S7. Due to gluon radiation, quarks produced in the decays of heavy particles
are not equivalent to standard jets. This shifts the peak of the jet energy resolution function towards
smaller energies and results in a shoulder at low values for the reconstructed heavy particle mass.
Figure 5 shows two entries per event corresponding to the two reconstructed electron-jet objects
obtained by adding x and y mass projections of (mllj, m%]) on a common axis, n;.

Events in all of the histograms are given for an integrated luminosity of 100 pb~!.

The trigger efficiency is not included in the plots and tables shown in this section. However events
satisfying all selection criteria would trigger with an efficiency exceeding 95%, as discussed in Section 3.

5.2 Search for New Particles from Left-Right Symmetric Models

Signal event candidates are required to contain (at least) two electron or muon candidates and two or
more jets that pass the baseline selection criteria. As previously described, the minimum separation
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Figure 4: my, of the selected lepton pair after St selection in leptoquark 1st generation (left) and 2nd generation
(right) events (mpg = 400 GeV).
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Figure 5: Reconstructed electron-jet invariant mass in the 1st generation leptoquark (m =400 GeV) analysis
for signal and background MC events after baseline selection (left) and after all selection criteria (right). All
distributions are given for 100 pb~! of integrated luminosity.

between a jet and an electron candidate AR > 0.1 is required. The two leading pr lepton candidates
and the two leading pr jets are assumed to be the decay products of the W boson. The signal jet
candidates are combined with each signal lepton and the combination that gives the smallest invariant
mass is considered as the new heavy neutrino. This assignment is correct in more than 99% of signal
MC events. The other lepton is assumed to come directly from the decay of the Wg boson.

When the Wg boson is at least twice as heavy as the Majorana neutrino, the daughter lepton
from the neutrino’s decay often begins to partially merge with one of the daughter jets. In the
dielectron analysis, when the separation between this lepton and a signal jet candidate is in the
range 0.1 < AR < 0.4, using all three reconstructed objects to estimate the invariant mass of the
neutrino would often result in double-counting. To solve this problem, signal event candidates in the
dielectron analysis are divided into two groups. When the separation is outside the discussed range,
i.e. AR > 0.4, all three objects are used. However, when the separation is in the critical range,
i.e. 0.1 < AR < 0.4, only jets are used to estimate the mass of the N, neutrino. No such problem
exists in the dimuon analysis because muon reconstruction is possible even when the reconstructed
trajectory’s projection into the calorimeters randomly coincides with jet activity. The mass of the
Majorana neutrino can be reconstructed with a relative resolution of about 6%, and the mass of the
Wgr boson can be reconstructed with a relative resolution of 5% to 8%; better resolution on the latter
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Figure 6: Reconstructed muon-jet invariant mass for 2nd generation leptoquarks (mrg = 400 GeV) in signal
and background MC events after baseline selection (left) and after all selection criteria (right). All distributions
are given for 100 pb~! of integrated luminosity.

is achieved in the dielectron analyses because the muon spectrometer resolution is degraded at high
transverse momenta.
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Figure 7: LRSM analysis. St distributions for signals and backgrounds normalized to 100 pb~! of integrated
luminosity after baseline selection in dielectron (left) and dimuon (right) analyses. Vertical lines indicate the
value of the selection used in the analysis.

While the main background sources in LRSM analyses are tt, Z/~*, and vector boson pair pro-
duction processes, multijets were also identified as a source of potentially dangerous background in
the dielectron analysis. The distributions of the scalar sum of signal object candidates’ transverse
momenta St, and the reconstructed dilepton invariant mass my, for signal and background events,
normalized to an integrated luminosity of 100 pb~!, are shown in Figs. 7 and 8.

The choice of the selection criteria S > 700 GeV and my, > 300 GeV is made is made in order
to maintain good efficiency not only for mass values used in this study, but also for signals with
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Figure 8: LRSM analysis. The distributions of my, for signals and backgrounds normalized to 100 pb~—!
of integrated luminosity after baseline selection in dielectron (left) and dimuon (right) analyses. Vertical lines
indicate the value of the selection used in the analysis.

208 My, > 1000 GeV.

Physics Before | Baseline Mejj Meejj Mee St
sample selection | selection | > 100 GeV | > 1000 GeV | > 300 GeV | > 700 GeV
LRSM_18.3 0.248 0.0882 0.0882 0.0861 0.0828 0.0786
LRSM_15.5 0.470 0.220 0.220 0.215 0.196 0.184
Z/v*,m > 60 GeV 1808. 49.77 43.36 0.801 0.0132 0.0064
tt 450. 3.23 3.13 0.215 0.0422 0.0165
VB pairs 60.94 0.610 0.522 0.0160 0.0016 0.0002
Multijet 103 20.51 19.67 0.0490 0.0444 0.0444

Table 5: LRSM dielectron analysis. Partial cross-sections (pb) that survive the selection criteria.

Physics Before | Baseline Myjj Mg Myp St
sample selection | selection | > 100 GeV | > 1000 GeV | > 300 GeV | > 700 GeV
LRSM_18_3 0.248 0.145 0.145 0.141 0.136 0.128
LRSM_15.5 0.470 0.328 0.328 0.319 0.295 0.274
Z/v*,m > 60 GeV | 1808.00 79.99 69.13 1.46 0.0231 0.0127
tt 450. 4.17 4.11 0.275 0.0527 0.0161
VB pairs 60.94 0.876 0.824 0.0257 0.0047 0.0015
Multijet 108 0.0 0.0 0.0 0.0 0.0

Table 6: LRSM dimuon analysis. Partial cross-sections (pb) that survive selection criteria.

209 Partial cross-sections for signal and background processes passing the selection criteria are shown

68



210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237

238

240

241

242

243

244

245

246

247

248

249

250

251

SEARCH FOR SCALAR LEPTOQUARKS AND RIGHT-HANDED W BOSONS AND NEUTRINOS ...

in Tables 5 and 6. Some remarks are in order concerning the selection criteria’s efficiencies. First, the
dimuon channel is more efficient than the dielectron channel. This is due to the jet-electron merging
discussed previously. This issue becomes especially important for a larger ratio of masses my,, /mny..
However, for a very heavy Wpg boson, the dielectron channel could become more significant because the
Wr boson mass resolution does not become as wide in the dielectron channel as it does in the dimuon
channel. Also, because of its heavy mass, the potential to discover the Wpx boson and the heavy
neutrino together is much better than in the inclusive search for the new heavy neutrino (assuming
the same production mechanism) because of backgrounds.

Figures 9 and 10 show the distributions of the reconstructed invariant masses of the heavy neutrino
and Wg boson candidates for signal and background MC samples before and after the selection criteria
are applied. All distributions are normalized to 100 pb~! of integrated luminosity. It should be
remarked that the trigger efficiency is not included in the plots and tables shown in this section.
However, events satisfying all selection criteria would trigger with an efficiency exceeding 95%, as
discussed in Section 3.

Background contributions to signal invariant mass spectra could also arise from jets that are
misidentified as signal electrons. In principle such misidentified jets are efficiently suppressed because
at least two signal electron candidates are required, but at present this background remains poorly
understood because larger statistics of multijet MC, or better, real data, would be necessary to evaluate
its contribution reliably. If needed, a better suppression of events with multijets that are misidentified
as electrons is possible by applying a more sophisticated isolation energy requirement. The multijet
background does not pose a problem in the dimuon analysis, where estimates of the misidentification
rate predict a vanishing contribution from multijet to dimuon events.

Finally, the analyses described in this note do not discriminate between same-sign and opposite-
sign dileptons. Same-sign dileptons, however, are a very important signature of Majorana neutrinos,
which, being their own anti-particles, could decay to a lepton of either charge. The background
contribution to same-sign dileptons is much smaller than to opposite-sign dileptons. Of course, both
channels would have to be studied if the discovery is made. The studies of charge misidentification
performed in the framework of the presented analyses, predict a rate as high as 5% for high-pr leptons
which is strongly n-dependent.

6 Systematic Uncertainties

The following sources of systematic uncertainties have been considered in the described analyses:

20% uncertainty was assumed on the integrated luminosity.
e In the dielectron analyses, 1% was used for the uncertainty in overall trigger efficiency.
e For electron identification and reconstruction efficiency, an uncertainty of 1% was assumed.

e For muon identification, including trigger and reconstruction efficiencies, an uncertainty of 5%
was assumed.

e The uncertainty on the electron energy scale was assumed to be +1%.
e The uncertainty on the muon momentum scale was assumed to be +1%.

e The uncertainty on the jet energy scale was estimated by changing the energies of all jets
simultaneously by £10% and £20%, for |n;e| < 3.2 and |njet| > 3.2, respectively.

e The 20% uncertainty in electron pp resolution was estimated using a Gaussian smearing of pp
with a relative width of 0.66 * (0.10/,/pr € 0.007), where pr is in GeV.
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Figure 9: LRSM analysis. The distributions of the reconstructed invariant masses for N, (top) and N,
(bottom) candidates in background and signal (LRSM_18_3 and LRSM_15.5) events before (left) and after
(right) background suppression is performed in dielectron and dimuon analyses. All distributions are normalized
to 100 pb~! of integrated luminosity. LRSM_15_5 and LRSM_18_3 refer to two sets of LRSM mass hypotheses.
See the text for more information.

e The uncertainty due to muon 1/pr resolution was estimated using a Gaussian smearing of 1/pr
with a width of 0.011/ppr € 0.00017, where pr is in GeV.

e The uncertainty due to jet energy resolution was estimated using a Gaussian smearing of jet
energies in such a way that the relative jet energy resolution widens from 0.60/vE @ 0.05 to
0.75/vVE @ 0.07 for |njet| <= 3.2, and from 0.90/vE @ 0.07 to 1.10/vE @ 0.10 for |nje| > 3.2,
where F is in GeV.
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Figure 10: LRSM analysis. The distributions of the reconstructed invariant masses for Wr — eN, (top) and
Wgr — uN, (bottom) candidates in background and signal (LRSM_18_3 and LRSM_15_5) events before (left)
and after (right) background suppression is performed in dielectron and dimuon analyses. All distributions are
normalized to 100 pb~! of integrated luminosity. Notice that the invariant mass of the Wx boson is shown
before the requirement my.;; > 1000 GeV is imposed. This variable is strongly correlated with the background-
suppressing variables Sp and mg. LRSM_15_5 and LRSM_18_3 refer to two sets of LRSM mass hypotheses.
See the text for more information.

e Statistical uncertainties on the number of background MC events were considered as systematic
uncertainties on the number of background events.

e The systematic uncertainty on the leptoquark cross-section (NLO) [28] was calculated by taking
the 40 PDF CTEQG6M tables (two per eigenvector of PDF variations, provided by the CTEQ
group for calculating uncertainties [20]), recalculating the leptoquark cross-section with each of
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these tables, and taking the largest difference of the two variations for each of the 20 eigenvectors
to the cross-section calculated with the standard CTEQ6M table. The estimate shown is the
sum in quadrature of these 20 differences and the relative difference in cross-section obtained by
varying renormalization and factorization scales by a factor of 2. The systematic uncertainty is
between 15% and 28% for the tested leptoquark masses.

e The uncertainty of the jet modeling in Z~* events was estimated by comparing the background
predictions obtained using MC samples produced with PYTHIA to MC samples produced with
ALPGEN. For the leptoquark pair analysis, this results in an uncertainty of about 30% on the
background from Z/v* events.

e Background cross-sections for tf and Z/v* processes were assumed to have uncertainties of 12%
and 10%, respectively.

Systematic uncertainties affect both signal and background efficiencies, however the significance com-
putation (next section) will be mainly affected by the uncertainty on the background. The dominant
systematic effects on the background are due to the uncertainties in integrated luminosity (20%),
the jet energy scale (16%-35%), jet energy resolution (6%-28%), and the limited statistics of back-
ground MC samples (15%-30%). The total systematic uncertainties for signals and backgrounds are
summarized in Table 7.

analysis effect on signal events | effect on background events
1st gen. 2nd gen. 1st gen. 2nd gen.
leptoquark || +27% +29% +53% +51%
LRSM +23% +25% +45% +40%

Table 7: Summary of total systematic uncertainties (%) for 100 pb~! luminosity.

7 Results

The program Sg, [29] is used to calculate the significances of possible observations of the signals
studied in this note. The significance is defined in units of Gaussian standard deviations, corresponding
to the (one-sided) probability of observing a certain number of events exceeding the MC-predicted
background N, at a given integrated luminosity. This probability is usually referred to as C'Ly(INV),
where N is the number of observed events. The 50 discovery corresponds to CLy(Ns + Np), where
Ny is the expected number of signal events. Systematic uncertainties in the number of background
events were also included in the significance calculations. For second generation leptoquarks, the signal
selection was optimized at each point to minimize the cross-section times branching ratio needed to
reach a bo discovery, while for all other analyses the selection cuts presented in earlier sections were
used.

The overall reconstruction and trigger efficiencies discussed are used to estimate ATLAS’ sensitivity
and discovery potential for the studied final states below. Note that in these results the trigger
efficiency is applied to the expected number of signal and background events in the signal region, as
discussed in Section 5, Table 2.

7.1 Leptoquarks

The integrated luminosities needed for a 50 discovery of the 1st and 2nd gen. scalar leptoquark signals
are shown in Table 8 as function of leptoquark mass, assuming § = 1. Also, Fig. 11 predicts the
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Leptoquark mass | Expected luminosity needed for a 50 discovery
1st gen. 2nd gen.
300 GeV 2.8 pb! 1.6 pb!
400 GeV 11.8 pb~! 7.7 pb!
600 GeV 123 pb~! 103 pb~!
800 GeV 1094 pb~! 664 pb~!

Table 8: The integrated luminosities needed for a 50 discovery of 1st and 2nd gen. scalar leptoquarks for
different mass hypotheses.
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Figure 11: 50 discovery potential for 1st and 2nd Figure 12: Minimum 32 of scalar leptoquarks ver-
gen. m = 400 GeV scalar leptoquarks versus (32 sus leptoquark mass for 100 pb~! of integrated lu-
with and without background systematic uncertainty minosity at 50 (background systematic uncertainty
included. included.)

integrated luminosities needed for a 400 GeV leptoquark mass hypothesis, with various values of 32,
at a bo level.

Finally, Fig. 12 shows the minimum (32 that can be probed with ATLAS with 100 pb~! of integrated
luminosity as a function of leptoquark mass. Lighter leptoquark masses can be probed with a smaller
0 because of their larger cross-section. It is evident from this figure that ATLAS is sensitive to
leptoquark masses of about 565 GeV and 575 GeV for 1st gen. and 2nd gen., respectively, at the
given integrated luminosity, provided they always decay into charged leptons and quarks.

7.2 Left-Right Symmetry

The significances of studied signals versus integrated luminosity are shown in Fig. 13. Figure 14 shows
the product of signal cross-section and dilepton branching fraction versus the integrated luminosity
necessary for a 5o discovery. The overall relative systematic uncertainty on Drell-Yan and ¢f production
backgrounds is approximately 45% and 40% in the dielectron and dimuon analyses, respectively. This
estimate is dominated by contributions from jet reconstruction, uncertainty in integrated luminosity
and insufficient MC statistics. Currently multijet background is poorly understood and is not included
in the presented sensitivity estimates for the dielectron channel.

8 Summary and Conclusions

Studies of final states with two leptons and multiple jets have been discussed, considering both electrons
and muons. The early-data discovery potential for BSM physics predicted by two prominent GUT-
inspired models has been investigated.
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Figure 13: LRSM analysis. Expected signal significances versus integrated luminosity for N, N, neutrino
and Wpx boson mass hypotheses, according to signal MC samples LRSM_18_3 and LRSM_15_5. Open symbols
show sensitivities without systematic uncertainties. Sensitivities shown with closed symbols include an overall
relative uncertainty of 45% (40%) estimated for background contributions in the dielectron (dimuon) analysis.
LRSM_15_5 and LRSM_18_3 refer to two sets of LRSM mass hypotheses. See the text for more information.

Both 1st and 2nd gen. scalar leptoquark pair production could be discovered with less than
100 pb~! of integrated luminosity, provided that the mass of the leptoquarks is smaller than 500 GeV
and the branching ratio into a charged lepton and a quark is 100%.

Two LRSM mass points (mw, = 1.8 TeV,my, = 300 GeV and my,, = 1.5 TeV,my, = 500 GeV)
for the right-handed Wx boson and Majorana neutrinos Ny have been studied in the dielectron and
dimuon channels. It was found that discovery of these new particles at these mass points would require
integrated luminosities of 150 pb~! and 40 pb™!, respectively.
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Abstract

In the absence of a light Higgs boson, the mechanism of electroweak symmetry
breaking will be best studied in processes of vector boson scattering at high mass.
Various models predict resonances in this channel. Here, we investigate W W scalar
and vector resonances, W Z vector resonances and a Z Z scalar resonance over a range
of diboson centre-of-mass energies. Particular attention is paid to the application
of forward jet tagging and to the reconstruction of dijet pairs with low opening
angle resulting from the decay of highly boosted vector bosons. The performance
of different jet algorithms is compared. We find that resonances in vector boson
scattering can be discovered with a few tens of inverse femtobarns of integrated
luminosity.
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VECTOR BOSON SCATTERING AT HIGH MASS

1 Introduction

In the absence of a light Higgs boson, an alternative scenario to the Standard Model, Supersym-
metry, or Little Higgs models must be invoked. In particular, Electroweak Symmetry Breaking
(EWSB) could result from a strong coupling interaction. Here, we will make no assumptions
about the underlying dynamics of EWSB; we treat the Standard Model as a low energy effective
theory, and evaluate the potential for measuring vector boson scattering. In the Standard Model,
perturbative unitarity is violated [1] in vector boson scattering at high energy for a Higgs mass
mp > 870 GeV or, if there is no Higgs (mpy — 00), for a centre-of-mass energy above a critical
value of around 1.7 TeV. The only way to avoid a light Higgs boson is therefore to presume new
physics at high energy [2], possibly in the form of vector boson pair resonances. Such resonances
are predicted in many models such as QCD-like technicolour models with the required Goldstone
bosons resulting from chiral symmetry breaking [3]; Higgsless extra dimension models [4], where
Kaluza-Klein states of gauge bosons are exchanged in the s-channel [5]; as well as in models
with extra vector bosons, from GUT or from strong interaction (BESS models [6]) mixing with
the Standard Model vector bosons. The present search for resonances in vector boson scattering
can be considered generic and may be interpreted in terms of any of these models.

1.1 The Chiral Lagrangian Model

The Chiral Lagrangian (ChL) model is an effective theory valid up to 47mv ~ 3 TeV, where v =
246 GeV is the vacuum expectation value of the Standard Model Higgs field, which can provide
a description of longitudinal gauge boson scattering at the TeV scale when no light scalar Higgs
boson is present. Electroweak symmetry breaking is realised non-linearly. A set of dimension-4
effective operators describe the low energy interactions (see for example [7]). Since, at the LHC,
vector boson scattering can occur at the TeV energy scale where the interaction becomes strong,
it is necessary to unitarise the scattering amplitudes. One popular unitarisation prescription
is the so-called Padé prescription, or Inverse Amplitude Method [8]. This is based on meson
scattering in QCD, where it gives an excellent description [9], reproducing observed resonances.
Among the terms of the Lagrangian which describe vector boson scattering, under some basic
assumptions (custodial symmetry and CP conservation), only 2 parameters (namely a4 and
as) are important for this process. Depending on the values of these two parameters, one can
obtain Higgs-like scalar resonances and/or technicolour-like vector resonances [10]. The resulting
properly-unitarised amplitudes for vector boson scattering may therefore give information in a
higher energy range. They yield poles for certain values of a4 and a5 that can be interpreted as
resonances, as shown in Fig. 1.

Other unitarisation procedures are possible, such as the K-matrix method [11] or the N/D
method [12]. In general, resonances are not necessarily produced. In non-resonant cases, it
remains vital to measure the vector boson scattering cross-section, but high luminosity and a
very good understanding of backgrounds will be required in order to measure the regularisation
of the cross-section.

1.2 Characteristic Signatures of Vector Boson Scattering

Discovery of the physics signals studied here will, in general, require high integrated luminos-
ity. It will require also extremely large samples of simulated backgrounds, fine tuning of all
reconstruction algorithms, and a good understanding of the detector performance, which will
only gradually develop after the first few years of LHC running. The main purpose of this note
is not, therefore, to evaluate with precision the discovery potential of ChL resonances, but to
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Figure 1: Left: regions in the (a4, as) parameter space indicating which values exhibit vector
and/or scalar resonances in the Padé unitarisation scheme. Right: number of events per fb~!
as a function of the di-boson invariant mass for different resonance masses studied here.

establish some strategy for the search of this important signal. The main emphasis will be put
on those aspects most particular to the high mass vector boson scattering process; that is, the
reconstruction of hadronically decaying vector bosons at high pr, and the reconstruction of the

high rapidity tag jets.

The decay of a high mass ChL resonance will produce two highly boosted vector bosons in
the central rapidity region of the detector. For transverse momenta greater than about 250 GeV,
a hadronically decaying vector boson will be seen as one single wide and heavy jet. Methods of
distinguishing such jets from single-parton jets will be investigated with different jet algorithms.

A characteristic signature of vector boson scattering is the presence of two high rapidity
and high energy “tag” jets [13], arising from the quarks which radiate the incoming vector
bosons. The process can thus be efficiently distinguished from contributions to the production
of (mostly transversely polarised) final state vector bosons due to bremsstrahlung of these vector
bosons from the quarks. In that case, the accompanying jets are softer and more central. A
further component of the signature is the suppression of QCD radiation in the rapidity interval
between the tag jets due to the fact that no colour is exchanged between the protons in these
processes [14]. This characteristic feature allows for efficient use of central jet veto to suppress

backgrounds.

The high QCD background at the LHC naturally leads us to focus on “semi-leptonic” vector
boson events; that is, those events when one W or Z boson decays leptonically, and the other
decays hadronically. These channels represent the best compromise in that there is only at most
one neutrino, and so the diboson mass may be reconstructed with reasonable resolution, and the
backgrounds can be reduced to a manageable level by the requirement of leptons and/or missing
transverse energy (). Fully-leptonic events are also useful in cases where clear resonances
are present, where a kinematic edge may be visible and the backgrounds may be reduced even
further. The case of resonant ZZ — ¢/~ vi can also lead to a clean signature. Fully hadronic
events may be useable at very high diboson energies, but this possibility is not considered further
here. Thus, the study of vector boson scattering events will also require a good understanding
of detector performance for electrons, muons and Frp. Although many ATLAS analyses will
depend on the reconstruction of these objects, the quality of such reconstruction is evaluated

here for the case of high energy leptons.

The note is organised as follows.

In the next section (2) we describe the Monte Carlo
simulations and the samples used. Next, the trigger is discussed (Section 3), then the detector
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performance with particular focus on the challenges of this analysis (Section 4). After this, the
event selections, efficiencies and purities for the various finals states are given (Section 5). An
attempt to evaluate the expected sensitivity is made (Section 6), and the systematic uncertainties
are discussed (Section 7), before a final summary and conclusion.

2 Signals and Background Simulation

2.1 Definition of signal

A resonance signal will be defined here as events in the resonance mass region in excess of the
number expected from the Standard Model continuum when the Higgs boson mass is 100 GeV.
This ensures that the assumed continuum production is gauge invariant while, at the same time,
longitudinal vector boson scattering diagrams will contribute negligibly. This definition follows
the prescription of [15]. However, we note that measurement of even a continuum cross-section
for this process at such high energies would be of great importance, and study whether this is
also possible with the luminosity considered.

2.2 Overview of Generators

The Monte Carlo (MC) generators used in the main analysis are as follows.

e PYTHIA [16] version 6.4.0.3 was used for the signal, with the CTEQGL parton distribution
function and the renormalisation and factorisation scale Q2 = MEV The hard process was
modified to include new vector boson scattering amplitudes (see below).

e MADGRAPH [17], version 3.95, with PyTHIA for parton shower, hadronisation and un-
derlying event, was used for W+jets and Z+jets backgrounds. The default values of
fixed renormalisation and factorisation scales of Q% = m2Z were set and CTEQGL1 parton
distribution functions were used.

e MC@NLO [18], with HERWIG [19], for parton shower and hadronisation and JiMmMY [20,21]
for underlying event, was used for ¢ background.

The underlying event samples were tuned to data from previous experiments [21]. All samples
use PHOTOS [22] to simulate final state radiation. WHIZARD [23] and ALPGEN [24,25] are
also used for some generator level comparisons. WHIZARD uses PYTHIA for parton showering,
hadronisation, and underlying event. ALPGEN uses HERWIG/JIMMY.

The different choice of scales for MADGRAPH and PYTHIA is not ideal, but retained for
historical reasons since large samples were generated with these choices. However, studies showed
that the major effect is on the cross-section rather than on event shapes, and the cross section
normalisation is determined independently as described below.

Further details specific to the samples are given below.

2.3 List of samples

Table 1 lists the Monte Carlo samples, produced with full detector simulation, used in the present
analysis.
The first set of samples represents different reference cases of vector boson scattering signals:
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Sample name Generator o x Br, tb
QW Z — qqjjll, m = 500 GeV PyTHIA-73 25.2
QW Z — qqlvjj, m = 500 GeV PyYTHIA-T3 83.9
qqW Z — qqlvll, m = 500 GeV PyTHIA-73 8.0
QW Z — qqjjll, m = 800 GeV PyTHIA-ChL 10.5
QW Z — qqlvjj, m = 800 GeV PyTHIA-ChL 35.2
qqW Z — qqlvll, m = 800 GeV PyTHIA-ChL 3.4
gqiW Z — qqjjel, m = 1.1 TeV PyTHIA-ChL 3.7
QW Z — qqlvjj, m = 1.1 TeV PyTHIA-ChL 12.3
QW Z — qqlvel, m = 1.1 TeV PyTHIA-ChL 1.18
gqWW — qqlvjj, m = 499 GeV (s) | PyTHIA-ChL 66.5
qqWW — qqtvjj, m = 821 GeV (s) PyTHIA-ChL 27.5
gqWW — qqlvjj, m = 1134 GeV (s) | PyYTHIA-ChL 17.0
qqWW — qqtvjj, m = 808 GeV (v) | PyTHIA-ChL 29.8
gqWW — qqlvjj, m = 1115 GeV (v) | PYTHIA-ChL 17.9
qqWW — qqfvjj, non-resonant PyTHIA-ChL 10.0
qqZ 7 — qquvll, m = 500 GeV PyTHIA-ChL 4.0
JiW Z — jjlvll, background MADGRAPH 96
1327 — jjvvll, background MADGRAPH 45.5

o (no Br), pb
W+ + 4 jets, QCD diagrams MADGRAPH 163.3 £ 0.1
W+ + 4 jets, EW diagrams MADGRAPH 1.76 + 0.03
Z + 4 jets, QCD MADGRAPH 85.7 + 0.7
Z + 4 jets, EW MADGRAPH 1.04 £ 0.02
W+ 4 3 jets, QCD MADGRAPH 6.08 + 0.02
W + 3 jets, EW MADGRAPH | 0.219 + 0.001
Z + 3 jets, QCD MADGRAPH 3.72 £ 0.02
Z + 3 jets, EW MADGRAPH | 0.106 4 0.006
tt MC@NLO 833 + 100

Table 1: Table of samples and generators used
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114 e PYTHIA-73: For the samples labelled “PYTHIA-73”, the process 73 (longitudinal W Z scat-

115 tering) was selected, with MSTP(46)=5 (QCD-like model of [26] with Padé unitarisation).
116 All other switches were left as default. This is meant to represent a generic narrow W2
17 resonance.

118 e PyTHIA-ChL: datasets with generator labelled “PyTHIA-ChL” in the table use a modified
119 version of PYTHIA routine PYSGHG. The modification involves replacing the scattering
120 amplitudes calculated for processes 73-77 by those given by Dobado et al [10] with pa-
121 rameters a4 and as. These parameters were chosen so as to produce a vector or scalar
122 (indicated by a (v) or an (s) in the table) resonance at the desired mass, or signal with no
123 resonances at all. Note that only vector W Z and scalar ZZ resonances are possible, but
124 both scalar and vector WW resonances can be produced. A continuum sample was also
125 generated using this model.

126 Background samples include events with two vector bosons and two jets in the final state,

127 arising from gluon or electroweak vector boson exchange between incoming quarks. The vector
128 bosons are here mostly transverse and emitted more centrally than in the case of longitudinal
129 vector boson pair scattering.

130 e jjWZ final state, where j is a quark or gluon: The decays of the vector bosons are
131 performed in PYTHIA. Note that the semi-leptonic cases are already included in samples
132 W+jets and Z+ jets. Only the purely leptonic cases make use of this background.

133 e The background process: (lvv with a pair of jets (quark or gluons). The cross section
134 shown in Table 1 is for non-hadronic decay of the ZZ’s, with a filter requiring two leptons
135 with pr > 5 GeV and |n| < 2.8.

136 o W/Z + 3 jets and W/Z + 4 jets: they constitute backgrounds for the cases of high mass
137 and lower mass resonances respectively since, in the former case, we expect that most
138 of the vector bosons which decay hadronically will be reconstructed as a single jet. A
139 correction factor of 1.38 is applied to the W' +jets cross sections to account for W~ +j
140 process. These datasets include all tree level diagrams leading to W+4j, Z+44j, W+3j and
141 Z+3j, with the vector bosons decaying leptonically, but are separated into QCD diagrams
142 or QED diagrams. To keep the cross-section manageable, preselection cuts were applied
143 at MADGRAPH level. For the W,Z + 4 jets case, we tag the highest rapidity jet (fjet),
144 backward jet (bjet) and 2 central jets by requiring that [ngjet| > 1.5, |mpjer] > 1.5, that
145 the forward and backward jet candidates be on different hemispheres: 1¢jeinpjer < 0, that
146 at least one forward jet have energy £ > 300 GeV, and that the invariant mass of the
147 combined forward jets be mj; > 250 GeV. We further require pr of at least one of the
148 central jets to be p7T > 50 GeV, the pr of the vectorial addition of the central jets to be
149 pgpj > 60 GeV and the invariant mass of the combined central jets m;; > 60 GeV. For the
150 case W,Z + 3 jets, we add the requirements: pr of the W or Z boson pr > 200 GeV,
151 Imw)z| < 2, and pr of one jet (central) pj. > 200GeV, |n;] < 2.

152 Additional samples were produced with fast detector simulation to improve background

153 statistics.
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Figure 2: Distributions of the forward jets in the W + 4jet background for MADGRAPH (red)
and ALPGEN (black) samples (area normalised). The error bars show the statistical error in
each sample.

2.4 Comparative studies of generators
2.4.1 Parton shower matching to matrix elements

Here, MADGRAPH was used to generate the W+jets background. A better evaluation of this
background would be obtained using a generator for which W+n partons, n=0, 1, 2, 3 or 4
inclusive, are combined in a manner which avoids double counting of jets produced by the
parton shower in PYTHIA. ALPGEN is one such generator (and in fact such matching is now
implemented in more recent versions of MADGRAPH). However, due to time constraints, and
in order to have a manageable size of background samples, it was not practical to use this
technique. In order to validate the use of MADGRAPH, a comparison was made of the W + 4jets
sample with an appropriate ALPGEN sample, with some analysis cuts applied. The ALPGEN
samples are not used in the final analysis since they lack sufficient statistics.

Distributions of the vector bosons and jets were compared. As an example, the distributions
for the forward jets are shown in Fig. 2. The overall conclusion is that the shapes of the
distributions are in reasonable agreement, and therefore no great error is made in the description
of the event topology by neglecting the effect of parton-shower double-counting. To the extent
that such an error is made, the tag jets in the ALPGEN sample have a lower energy (leading
to a depletion with respect to the MADGRAPH samples at high energies of a few %) and so
the backgrounds in this analysis can be considered to be conservatively over estimated. The
difference in Q? scale of the two samples (ALPGEN uses Q% = m, + pr(W)?) leads to about a
factor two in cross section. This was confirmed by running MADGRAPH on a small sample with
the same scale as ALPGEN, yielding cross-sections smaller by factors 2.05 and 1.77 for the QCD
and QED processes respectively. These factors will be applied in the present analysis.
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2.4.2 Effective W Approximation

WHIZARD [23] is a relatively new event generator originally developed for the ILC. It is able to
calculate the full 2 — 6 matrix element needed for the vector boson scattering processes and
it implements the Chiral Lagrangian model with the K-Matrix unitarisation scheme [26] which
does not lead to vector boson resonances. Further unitarisation schemes in the form of arbitrary
resonances are planned.

The generator does not assume an effective W approximation, whereby the bosons emitted
from the quarks are treated as partons, allowing vector boson scattering diagrams to form a
gauge-invariant subset. This approximation is made in the PYTHIA signal samples, and might
be expected to particularly affect the tag jet kinematics. Comparisons between the tag jet dis-
tributions from WHIZARD and PYTHIA are shown in Fig. 3. The two samples are not strictly
comparable since here, WHIZARD simulates the 2 — 4 processes including non-scattering elec-
troweak diagrams and applies K-matrix unitarisation. Although there are differences (e.g. the
tag jets from WHIZARD are somewhat harder than those from PYTHIA) they do not strongly
depend upon the vector boson centre-of-mass, and thus the effective W approximation is un-
likely to be the culprit. The harder tag jets in WHIZARD mean that if the signal looks more like
WHIZARD than PYTHIA, it would be more likely to pass the selection cuts, thus improving the
sensitivity. The potential size of the effect was investigated and estimated to be at the few per
cent level.
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Figure 3: Differences between WHIZARD (red) and PyTHIA (black) for vanishing anomalous
couplings for tag jet distributions of: transverse momentum (a), pseudo rapidity (b), energy (c)
and pseudo rapidity difference (d).
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3 Trigger

As a first step in the analysis, it is important to evaluate the efficiency of the basic trigger menus
for a luminosity of 103 em™2s~!. The triggers chosen were based on an early menu [27] as an
example, and the real physics menu is likely to be very different. However, since the signal is at
relatively high pr, and triggering on vector bosons is a high priority, this is not likely to have a
large impact. To evaluate this efficiency, we apply the following cuts: for electrons and muons
we require single leptons to have pr greater than the value corresponding to the threshold
dictated by the trigger signature and |n| < 2.5; similarly for jets, but with a pseudorapidity
cut of |n| < 3.2. This is necessary because trigger signatures for forward jets exist separately,
but unfortunately that trigger information was not available in the simulation version used for
this study. The trigger efficiency is defined as the number of times the trigger passed (with the
corresponding cuts applied) divided by the number of truth events in the samples (with the same
cuts applied). In Table 2 we present a detailed list of efficiencies for the signals q¢gW Z — qqjjtl
(m = 1.1TeV) in the left column and qgWW — qqjjlv (non-resonant) in the right!).

The poor efficiency of the e22i (see Fig. 4, left) and 2e12i triggers is understood to be due
to the isolation criterion, which was not optimised for high energy electrons.
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Figure 4: Trigger efficiencies computed with the WW continuum signal. Left: efficiency of
the e22i trigger as a function of the pr of electrons from the true leptonically-decaying W
boson. Right: efficiency of the j160 trigger (black triangles) as a function of the pr of the true
hadronically-decaying W boson. Also shown with blue circles is the efficiency when the j160
and 2j120 triggers are logically OR’ed.

It is worth mentioning that the efficiency for the 23120 trigger (Fig. 4, right), which requires
two jets with pr > 120 GeV suffers partly from the fact that the two jets from the vector boson
decay are merged due to the boost as described in Section 4.1. It is also significantly higher
for events with true electrons than for those with true muons, probably because the electrons
themselves are also reconstructed as jets in the calorimeter.

Finally, various combinations of the trigger signatures might be explored in the future to
improve the efficiency. For instance, the e60 trigger might be used in conjunction with the €221
to compensate the low efficiency of the latter for high-momentum electrons (Fig. 4). Likewise,
the 27120 trigger might be used together with j160, since the efficiency of the latter drops
significantly when the hadronically-decaying vector boson has pr < 300 GeV and decays into
two distinctly resolvable jets.

1)Triggers 2j120 and j160 have been removed from the menu as they are expected to give too high a rate. More
recent developments in the electron trigger has resulted in improved efficiency.
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| W Z signal | WW signal

Trigger Signature ‘ Cut Loss ‘ Efficiency ‘ Cut Loss ‘ Efficiency
Electrons

2e12i 13% 36% > 99% —

e22i 1% 8% 11% 65%

e60 5% 82% 29% 73%
Muons

mu6 5% 95% 6% 80%

mu20 5% 92% 9% 73%

Jets
23120 67% 73% 50% 80%
j160 34% 96% 30% 86%

Table 2: Table of high level trigger efficiencies for q¢W Z — qqjjtl (m = 1.1 TeV) and qgW W —
qqjjlv (non-resonant). The “Cut Loss” columns indicate the fraction of true events that would
be lost by applying the pr requirements of each trigger signature on the true electrons, muons
and jets. Since such events are unlikely to satisfy the trigger conditions, they are not taken into
account when the trigger efficiencies are evaluated.

4 Reconstruction Challenges

In this section, we focus on those parts of the reconstruction which are most particular to vector
boson fusion at high masses. We discuss the following;:

e Reconstruction of hadronically-decaying vector bosons. In our regime these typically have
high pr and the decay products are very collimated. We discuss two alternative methods,
using k| jets and subjets, and using cone jets with different radii.

e Leptonically decaying vector bosons. These require good lepton and Jp measurement,
but the challenges here are not unique to these channels.

e Forward ‘tag’ jets. Measuring jets close to the edge of the detector rapidity acceptance is
a challenge in common with low mass Higgs searches in vector boson fusion.

e Central jet veto. Since the vector boson scattering process involves no colour exchange
between the protons, a suppression of QCD radiation is expected. This can be used to
distinguish between signal and background, but is sensitive to underlying event and pile-

up.
e Top veto. tt production is a major background for the channels which do not contain

leptonic Z boson decays. A large fraction of this is removed by explicitly rejecting events
containing top candidates.

4.1 Hadronic Vector Boson Identification

At lower masses and pr, the hadronically decaying vector bosons are identified as dijet pairs.
However, for events where a hadronically decaying vector boson is highly boosted, the decay
products are often collimated into a single jet. Cuts such as a dijet invariant mass window are
no longer applicable in this scenario, but a single jet mass cut can be used.
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The single jet mass is defined as the invariant mass evaluated from the 4-vectors of the
constituents of the jet. In the ATLAS detector, these constituents are at present calorimeter
objects, either topologically defined clusters with some local hadronic calibration, called here
topoclusters, or calorimeter towers. For jets containing the decay products of a boosted vector
boson, this single jet mass is near the mass of the parent boson. For light quark and gluon jets
this mass is generally much lower. Since the background to hadronic vector boson identification
is so severe, further cuts may be applied on the subjet structure of the candidate jet.

In addition, the transition between the dijet and single jet case as pr increases needs to be
dealt with. Two methods are used, as follows;

1. Dynamically select the appropriate method. To do this, we first look at the highest pr jet.
If this passes the mass window cut, then the single jet selection is applied, as described
below. If it does not, then combinations of jet pairs in the event are considered. The
vector boson is still expected to be the highest pr hadronic system, and so the pr of all
jet pairs is evaluated, and the highest pp pair is taken to be the vector boson candidate.
A mass window cut (dependent upon the jet algorithm) is then applied to this pair. Thus
a single analysis can be used to scan the data for signs of resonances without bias.

2. When the single jet and jet pair cases yield very different signal to background ratios, it
is preferable to choose a priori which mass region is being investigated, and to use the
single jet reconstruction for high masses and the dijet reconstruction for low masses. This
approach is used in the cone algorithm analysis. For the m = 800 GeV resonance, both
the dijet and single jet approaches are tried independently.

4.1.1 K, Algorithm

The k; algorithm is run with an R-parameter (which determines the “jet size”) of 0.6 on
calibrated topoclusters. The algorithm [28] merges pairs of constituents.

The k; analysis uses the dynamic selection technique described above to decide whether
to use a dijet or a single jet for the vector boson candidate. The fraction of vector bosons
reconstructed as a single jet, as a function of pr of the vector boson candidate, is given in Fig. 5.
The transition between dijet and single jet takes place between pr = 200 and 300 GeV for this
algorithm.

ATLAS
0.8

0.6

0.4

0.2

Fraction of single-jet W candidates

Ll N B RNV B B
150 200 250 300 350 400 450
P of W[GeV]

xR
S

Figure 5: Fraction of W boson candidates reconstructed from a single jet, as a function of
the transverse momentum of the reconstructed vector boson, for the WW m = 1.1 TeV signal
sample.
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Figure 6: Single jet mass resolutions (left) and Y scale resolutions (right) from different detector
simulations, using the k| algorithm. The truth is defined by running the jet algorithm on the
hadronic final state of the MC generator.

Single jet mode

The resolution of the single jet mass for the k; algorithm has been evaluated for both detector
simulations (full and fast) for several samples. For the sample with a W resonance at m =
1.1 TeV (Fig. 6 left) for example, the W boson singlet jet mass resolution was found to be
9.2+ 0.2% and 9.1 £+ 0.2% from full and fast detector simulation respectively.

A mass cut around the window from m = 68.4 GeV to 97.2 GeV is applied to W boson
candidates, and from m = 68.7 GeV to 106.3 GeV for hadronic Z boson candidates reconstructed
in the single jet mode. This mass window is determined by considering the resolution, the tails,
and the background contamination.

The k; merging is intrinsically ordered in scale, making the final merging the hardest. The
algorithm provides a y value for this final merging, which is a measure of the highest scale at
which a jet can be resolved into two subjets. The y value can be converted into a “Y scale”
in GeV using the relation Y scale = Ep x ,/y, where Er is the jet transverse energy. This
Y scale is expected to be O(my /2) (where my is the mass of the vector boson) for boosted
vector boson jets, and much lower than Ep for light jets [29]. At the truth and fast simulation
levels this variable has been shown to have discriminating power even after a single jet mass
cut [29-32]. The resolution of the ATLAS detector for this variable is presented in Fig. 6 (right).
The resolutions, for the same sample as above, are 12.3% £ 0.3% and 8.8% £ 0.2% with full and
fast detector simulation, respectively.

Based on the resolution, the tails, and the background contamination, a Y scale cut around
the window from 30 GeV to 100 GeV is applied to W and Z boson candidates reconstructed
in the single jet mode. To evaluate the benefit of cutting on Y scale, a sample of single jet
vector boson candidates is selected in signal and background by applying a pr > 300 GeV cut,
motivated by Fig. 5, and a mass window cut. Starting from this sample, the efficiency of the
Y scale cut is given in Table 3 for full and fast simulation. The numbers suggest that for the
W +jets background, an additional rejection factor of approximately 2 is provided by the Y scale
cut even after a single jet mass cut has been applied. This is achieved with a signal efficiency of
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Figure 7: Dijet mass resolutions (left) and y resolutions (right) from different detector simula-
tions, using the k; algorithm. The truth is defined by running the jet algorithm on the hadronic
final state of the MC generator.

1.1 TeV Vector Resonance | W+4 jets tt
Jet Mass 68% (67%) 14% (14%) | 28% (28%)
Y Scale 77% (84%) 29% (40%) | 63% (70%)

Table 3: Efficiency of the Y-scale cut in the 1 jet case for full (fast) simulation.

approximately 80%.

Dijet mode

A mass cut around the window from m = 62 GeV to 94 GeV is applied to W boson candidates,
and from m = 66.6 GeV to 106.2 GeV for hadronic Z boson candidates reconstructed in the
dijet mode.

A variable analogous to the y may be calculated, using the relative pr of the dijets. This
variable is required to be in the range 0.1 < ,/y < 0.45. The efficiency is shown in Table 4.

The mass and y windows are again determined by considering the resolution, the tails, and
the background contamination.

The resolution of the dijet mass and the y variable for dijet vector boson candidates are
shown in Fig. 7. The resolution for the full (fast) simulation is found to be approximately 5%
(6%) for the mass and 5% (4%) for the y variable.

800 GeV Scalar Resonance | W+4 jets tt
Jet Mass 17% (20%) 6% ((7%) | 14% (14%)
Y Scale 79% (83%) 48% (49%) | 84% (82%)

Table 4: Efficiency of the Y-scale cut in the 2 jet case for full (fast) simulation.
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4.1.2 Cone Algorithm

Figure 8 shows an example of W boson reconstruction using the cone algorithm for the jet-pair
case (m = 500 GeV resonance) and single jet case (m = 800 GeV resonance). A cone size of
0.8 is used for selecting a single jet W boson and 0.4 for the case of a jet pair. There is a small
difference in the W boson mass peak reconstruction for the two cases. The jets chosen for this
selection have a minimum pr cut of pr > 20 GeV, and those overlapping with electrons have
been removed.
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Figure 8: Reconstructed W boson for cases where it forms two separated jets (500 GeV) and
a single jet (800 GeV). The samples used are the m = 500 GeV resonance (in green) and m =
800 GeV resonance (in red).

Single jet hadronic W boson candidates are identified with the highest pr object in the
central region, after having removed overlaps with all electrons in the event within a AR of 0.1.
A mass cut in a window around the reconstructed W boson mass is applied.

The problem of the two jets from a boosted hadronically decaying vector boson merging into
a single jet has also been studied for jets reconstructed using the Cone Algorithm. With this
algorithm, jet reconstruction starts from seeds i.e. constituents (clusters) with pr > 1 GeV. The
algorithm collects all constituents around a seed within AR = /(An)? + A¢)? < Ry (where Ry
can be, for instance 0.4) and adds their momenta vectorially. Then it repeats the procedure over
the collection around the direction of the sum, and computes a new sum. It continues repeating
this operation until the resulting sum direction is stable.

The exploration of the substructure of a wide jet (typically of size 0.8) is done by searching for
2 narrow jets (size ~ 0.2) fitting inside the big jet. Various variables can then be studied, among
which are the energy ratio of the narrow jets, their invariant mass, the distance AR between the
leading narrow jet and the wide jet, or the momentum component of this narrow jet transverse
to the wide jet direction. The discriminating power is illustrated for the WZ — £¢;jj channel
(1.1 TeV resonance) and its principal background in Fig. 9 which shows the latter variable (called
here ‘p transverse’) versus the invariant mass reconstructed from two narrow jets. Cutting in the
(pr, invariant mass) plane gives results comparable to those obtained with the Y scale method
above, as illustrated in Table 5. Similarly, Fig. 10 shows the pr versus AR between the leading
narrow jet and the wide jet.
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1.1 TeV Vector Resonance | W+4jets (QCD) tt Z+3jets (QED)
small jets cut 76.3% 15.2% 38.6% 13.8%

Table 5: Comparison of efficiencies for the jet sub-structure selection for a typical signal and
backgrounds. Efficiencies are relative to the selection of a single jet as described in the Y scale
method (Table 3). For the subjet selection, we require 2 small jets with ppr > 15 GeV and
invariant mass > 60 GeV (see text).
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Figure 9: Momentum of the narrow jet orthogonal to the wide jet direction vs invariant mass
of narrow jets, for W boson hadronic decay of the resonance signal qqW;;Zy of m = 1.1 TeV
(left) and for Z+3 jets sample (right).
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Figure 10: Momentum of the narrow jet orthogonal to the wide jet direction versus distance
(narrow jets, wide jet), for W boson hadronic decay of the resonance signal gqW;; Zy of m =
1.1 TeV (left) and for Z+3 jets sample (right).

4.2 Leptonic Vector Boson Identification
4.2.1 Lepton Reconstruction Efficiencies

All the signals studied in this note involve at least one leptonic vector boson decay. Electrons
and muons are selected using standard ATLAS criteria [33], [34]. Figure 11 shows the efficiency
for W boson daughter leptons. The results for different electron selection criteria are given. The
loss of efficiency occurs in the forward regions, near the limits of the tracking detectors and at
pr values close to the applied cut. The efficiencies for the leptonic Z boson channels have been
found to be similar.

4.2.2 Leptonic Z Boson Reconstruction

The Z boson candidates are reconstructed from pairs of ete™ or u™ ™. In the electron case, the
mass resolution is about 2.7 GeV as is shown in Fig. 12 left, suggesting a mass window selection
between m = 85 GeV and 97 GeV for me.. In the case of muons, the resolution for the Z mass
reconstruction is 3.6 GeV (see Fig. 12 right), so the mass requirement is loosened to be between
m = 83 GeV and 99 GeV. Furthermore, to reduce the backgrounds (particularly the background
from ¢t events), the pr of one of the leptons is required to be pr > 50GeV, and of the other
pr > 35 GeV. In the unlikely case that more than one combination of leptons satisfy all these
requirements, we choose the composite Z,+,~ with the mass closest to the actual Z boson mass.
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Figure 11: Efficiency of reconstructing and identifying W-daughter electrons (left) and muons
(right) as functions of true lepton momentum (top) and pseudo-rapidity (bottom). The electron
plots show the efficiency for 4 different electron selection criteria: All candidate objects (green),
loose (black circles), medium (red squares), and tight (blue triangles).
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4.2.3 Leptonic W Boson Reconstruction

The W boson reconstruction uses the transverse components of the missing 3-momentum of
the highest-pr lepton (e or p) in the event. For the signal, after reconstruction of the hadronic
vector boson candidate, the highest pr lepton corresponds to the lepton from the W boson decay
in 96% of cases. Attributing the missing momentum to the neutrino, and taking the nominal
W boson mass (my = 80.42GeV) as a constraint, a quadratic equation is obtained for the z-
component of the neutrino’s momentum. The z component is required in order to reconstruct the
diboson mass in the final analysis. Only events for which at least one real solution exists for this
quadratic equation are retained. When there are two possible solutions, one is chosen at random
to avoid kinematic bias on the resonance mass. Options such as selecting the reconstructed W
boson which is more central have also been considered, and little difference was found in the
purity of the reconstruction. In the fully leptonic case, the leptonic Z boson is reconstructed
and its daughter leptons removed before applying the above procedure.

4.3 Tagged Forward Jets

One of the well known characteristic features of vector boson scattering is the presence of high
energy forward jets [13], resulting from the primary quarks from which the vector bosons have
radiated (see Fig. 13). Such forward jets are expected to be much less prominent in processes
involving gluon or electroweak boson exchange with bremsstrahlung of vector bosons. In the
latter case, these vector bosons are mostly transverse and have a harder pr spectrum than in
Wi Wi, scattering. Correspondingly, the outgoing primary quarks have a harder pr and are
therefore less forward.

0.05

1/ events

¢ o

( o

W
\\\\‘\\\\‘\\\\‘\\\\‘\\\\l

Figure 13: Pseudo-rapidity for the two quarks in signal events after they radiate the vector
bosons, obtained from PYTHIA before any showering, fragmentation, etc.

Many different strategies are possible for implementing a tag-jet selection. A number of these
were compared, and the best rejection factors for a given efficiency were obtained as follows:

1. Require two jets with

o [n(jet)| > neyt and pr(jet) > preut GeV.
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e opposite signed rapidity

e at least one of them has an energy greater than a critical value E.,t GeV

2. If more than one jet with the same sign rapidity satisfies the above cuts, choose the most
energetic, labelled FJ1. The next one is labelled FJ2.

e Require the tag-jet with the opposite sign of rapidity to satisfy An(FJ1,FJ2) >
Aneyt and E(FJ2) > Eyqpt GeV.

In addition a dijet mass cut is currently applied in the cone algorithm analyses. The specific
values of the cuts in each case are to be optimised depending upon the kinematic region under
study.

4.4 Central Jet Veto

A useful analysis strategy to suppress backgrounds such as ¢t is to apply a central jet veto [14,
35,36]. For vector boson scattering, one expects little QCD radiation in the central region
since only colourless electroweak vector bosons are produced and the forward jets are not colour
connected. Given the forward jet cut definition, we unambiguously define the central region
of the event as the 7 region between them. The central jet veto then simply requires that no
other high pr jet (here taken as pr > 30 GeV) other than those resulting from the hadronically
decaying vector boson lie in the central region.

Specifically in these analyses, where it is applied the central jet veto rejects events if there
are any additional jets with a chosen maximum value for || and minimum value for pr.

4.5 Top Quark Rejection

While the final states from a leptonically decaying Z boson are mostly free of background
from top processes, tt and tW events form an important source of background for the WW
signals. To suppress them, events can be vetoed if a reconstructed W boson candidate, combined
with another jet in the event (excluding those overlapping with an identified electron or within
AR < 0.8 of a W candidate), leads to an invariant mass close to that of the top quark [29]. A
typical mass window is 130 < my; < 240 GeV.

In a future analysis it is likely that this cut can be improved using b-tag information and
better jet mass reconstruction, but this has not been investigated here.

5 Event Selection

Using the tools outlined in the previous section, we now characterise the samples and outline
the specific cuts applied for each final state considered.

51 WtW~ - ¢*v jj and W*Z — (*vjj

The hadronic vector boson candidates and the tag jets are obtained using the k; algorithm
as discussed in Section 4.1. The leptonic W is identified as described in Section 4.2.3. Both
vector boson candidates are required to have pr > 200 GeV, |n| < 2. Tag jet cuts are made as
described in Section 4.3, with ppeyt = 10 GeV, Eqyt = Foeyt = 300 GeV and Aneyt = 5. The
top veto (Section 4.5) and the the central jet veto (Section 4.4) are applied.

The kinematic distributions for the WW channel are shown in Fig. 14. Note that these
are significantly biased by the generator-level cuts. The selection efficiencies of the cuts on
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WW events from four example scenarios are summarised in Table 6, along with the efficiency
of the combined trigger selection described in Section 3. No significant differences are observed
between the scalar and vector resonances, nor between the W2 and WW channels, except for
the m = 500 GeV-resonant samples, where the pr requirements are found to be less efficient for
the WZ sample. The QCD-like model of [26] tends to predict softer vector bosons.

Due to the small background statistics available with full simulation, the full-simulation
signal samples are used together with fast-simulation background samples in obtaining the final
results. The modelling of the kinematics is good, as shown in Fig. 14 2. However, in general
the efficiency for selecting both signal and background is higher in fast simulation by about
25% compared to full simulation. To account for this, a constant scaling factor is applied to
the fast-simulation samples in estimating the significance of the signal over the background
(Section 6).

Figure 15 shows a comparison of the final W W mass for the signal samples using fast and
full simulation.

The final WW mass spectra obtained using this analysis are shown in Fig. 16. The back-
grounds shown have been obtained from the fast-simulation samples and the above mentioned
scaling factor has been applied.

52 W*Z — jjete~

This channel benefits from a very good resolution on the Z boson leptonic reconstruction, which
allows good suppression of the ¢t background.

For the m = 1.1 TeV W Z resonance, only the case of a single heavy jet from the W boson
decay will be considered as it constitutes the majority of the events. For the m = 800 GeV
resonance, not all W bosons are boosted sufficiently to produce a single jet. We therefore
consider separately the cases of a W boson from a single heavy jet and from a jet pair. Finally,
for the m = 500 GeV resonance, we only consider the jet pair case. In this section, the cone
algorithm will be used and compared with an analysis using the &k, jet algorithm.

5.2.1 W boson from a single jet

The main backgrounds will here be Z+ 3 jets and tt.

Table 7 shows the cut flow for the electron-based and the muon-based analyses for the ChL
W Z resonances of mass m = 1.1 TeV and m = 800 GeV. The m = 500 GeV case is not considered
here since the W and Z bosons will not be sufficiently boosted, in general, to produce a single
jet. The Z — eTe™ and Z — ptpu~ selections are shown, which correspond each to about 50%
of the sample events. After applying electron quality cuts (medium electrons) we select the two
highest pr leptons which should satisfy respectively: pr(e, ) > 50 GeV and pr(e, ) > 35 GeV.
The low efficiency of the lepton pair cut is approximately consistent with the expected selection
efficiency per lepton, as shown in Fig. 11, as well as the detector acceptance. As can be seen in
Fig. 17, the pr cut suppresses mostly the ¢t background. A leptonic Z.+.- or Z - is afterwards
reconstructed as described in Section 4.2.2, almost eliminating completely this background. The
efficiency of this cut is somewhat poorer for the signal than for the background because most
of the background events have Z bosons of relatively low pp, with different lepton pair energies
and opening angle.

2To achieve this agreement it was necessary to correct the lepton-finding efficiency in the fast simulation by
fitting a function to the efficiency from fast and full simulation as a function of lepton pr and correcting the fast
simulation by the ratio of the functions.
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Figure 14: Kinematic distributions for the generated signal and backgrounds (¢t and W+4 jets
QCD) in the WTW~ — ¢*v j(j) channel. The top two plots show the pr and n for the
hadronic W boson candidate. The middle two show the same variables for the leptonic W
boson candidate. The bottom two plots show the 7 distribution of all jets which are at higher
rapidity than the W boson candidates, and the pp distribution of the highest-py central jet.
In each plot, the full-simulation histograms (solid lines) have been normalised to unit area and
the fast-simulation histograms (dashed lines) have been normalised to the same cross-section as
their full-simulation counterparts.
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Figure 15: WW (left) and W Z (right) invariant mass spectra in the fv j(j) semileptonic channel
for the three resonant signal samples. The WW plot shows a comparison of the fast- and full-
simulation results.

Using the cone algorithm, size 0.8, the hadronic W boson candidate is identified as a heavy
single jet having a mass between 70 and 100 GeV, and separated in azimuthal angle from the
Z boson candidate by Ap(W, Z) > 2, as described in Section 4.1 (see Fig. 18). At this stage,
considering that the fraction of single jet W bosons becomes important for pr > 250 GeV (see
Fig. 5), and in order to be consistent with the preselection cuts on the Z+3 jets background,
we apply the following cuts to the reconstructed W and Z bosons: pjvy Z 5 250 GeV and
In""Z| < 2.0.

After a forward jet selection, (see Section 4.3, ppeyt = 20 GeV, Eqyt = Eyeyt = 300 GeV,
Neut = 1.5; [Nfjet| > Neentral jets ANyt = 4-5), the invariant mass of these two jets is required to
be greater than 700 GeV. Note that the efficiency of the forward jet cuts appearing in Table 7
appears artificially good for the background because a preselection was already applied.

A central jet veto was found to be unnecessary, as no tt event survived the selection. Because
of the lack of statistics for the ¢£ sample, it is not possible to exclude completely a contribution
from this background. The normalisation factor is 4.9, meaning that ¢t is excluded, over the
whole mass range, at the level of 11.3 fb at 90% C.L. To have an estimate of the efficiency of the
last two cuts at rejecting this background, the mass window for the cut on the Z boson mass was
loosened: 60 < mz < 120 GeV, allowing 44 events (215 fb) to pass for the Z — ee channel and
38 events (185 fb) for the Z — pp channel. The W boson mass cut alone is found to have an
efficiency of 12% and the forward jet cut alone lets no event survive. Assuming that the cuts are
independent, the overall efficiency of the heavy jet mass cut and forward jet tagging combined
is higher than 0.15%. The exclusion limit at 95% C.L. (1.64 o) for the ¢t background is shown
in Table 7 and it will be assumed that this is negligible in the mass window of the resonance.
The Z+4 jets background was not included here because it may be double-counting with Z+3
jets with parton shower. In order to evaluate the level of this background, an average over the
high mass region was taken because of the relatively poor Monte Carlo statistics, yielding about
0.03 fb/100 GeV.

For the m = 1.1 TeV case, it was found that the trigger efficiency, based on the OR of €60,
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Figure 16: WW (top 4) and W Z (bottom 3) invariant mass spectra in the v j(j) semileptonic
channel, showing the total W+jets and tf backgrounds and the signal for the three resonant
signal samples and the continuum sample. The error bars reflect the uncertainty from the
Monte Carlo statistics.
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Figure 20: Reconstruction of ChL resonance at m = 1.1 TeV (left) and m = 800 GeV (right) in

the channel qqW;Zy (with ¢ = e, 1), where a single jet cone 0.8 has been used to reconstruct
the W.

mu20 and j160, was 100% at the end of the selection.
Figure 20 shows the resonance mass resulting when the Z boson has been reconstructed from
electrons or muons and the W boson from a single jet of size 0.8.

5.2.2 W boson from a jet pair

As above, after applying electron quality cuts, the lepton transverse momenta are required to
satisfy pr(e1,p1) > 50 GeV and pr(ez, pu2) > 35 GeV, and a Z.+.- (Z,+,-) boson having a
mass between 85 and 97 GeV (83 and 99 GeV) is then reconstructed. Considering all pairs of
jets with pr > 30 GeV in the central region (|| < 3.0) not overlapping with the electron jets
from the Z decay, the one yielding an invariant mass closest to the mass of a W boson will be
the W boson candidate (see Fig. 19). The low efficiency of this cut can be explained in part by
the fact that a good fraction of events are constituted of a single jet W boson. Forward and
backward jet selection proceeds as in 5.2.1. A central jet veto is also applied: we exclude events
with an extra jet, having a pr > 30 GeV, not corresponding to the jets from the W boson or the
forward and backward jets and we require the W and Z directions to be in the central region
|n| < 2. Figure 21 show the resulting reconstructed resonance masses. Table 7 summarizes the
cut flow for this analysis. Here, by using the technique of widening the Z boson mass window
as in Sect. 5.2.1, it is estimated that the tf background could be approximately 0.13 fb and it
will be assumed that this is negligible in the mass window of the resonance.

5.2.3 Comparison to k; analysis

This channel was also studied with the analysis techniques described in Section 5.1, with the k|
algorithm but using the leptonic Z boson identification (Section 4.2.2) instead of the leptonic
W boson identification (Section 4.2.3). The hadronically-decaying W boson is reconstructed
dynamically from one or two jets (Section 4.1).

The signal mass distributions for fast and full simulation are shown in Fig. 22. The final mass
distributions are shown in Fig. 23, and are comparable to the results from the cone algorithm
method for the 1.1 TeV case which is not sensitive to the cut on the py of the VB’s of 200 GeV.
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Figure 21: Reconstructed ChL resonance at m = 800 GeV (left) and m = 500 GeV (right) in the
channel ggW;;Zy (with £ = e, u) where two jets of cone size 0.4 have been used to reconstruct
the W boson. No tt events survive the selection.
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Figure 22: W Z invariant mass spectrum in the semileptonic channel for the three resonant
signal samples obtained using k; algorithm approach. Dotted lines indicate the fast simulation
results.
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Figure 23: W Z invariant mass spectrum in the semileptonic channel for the three resonant signal
samples obtained using k; algorithm approach. Z-jet histogram (in red) represents a direct
sum of all Z43 or 4 jets backgrounds with no matching, and hence is a conservative estimate.
The background from ¢t events has been found to be negligible.
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Figure 24: Full reconstruction of ChL reso-
nance m ~ 1.1 TeV (Wy+, Zy+o5).

Figure 25: Full reconstruction of QCD-like
resonance m ~ 500 GeV (Wyx, Zp+,%).

ng,Zgg (m = 500 GeV) Wg,ngg (m =1.1 TeV) ng,Zij(SM)

o (fb) ‘ eff. o (fb) ‘ eff. o (fb) ‘ eff.

Zee 1.47 18% 0.23 20% 20.7 16%

Zyup 1.09 14% 0.18 15% 16.7 13%

W reconstruction 1.43 56% 0.25 61% 18.9 51%
Forward jet tagging | 0.63 44% 0.14 56% 1.6 8.5%

Table 8: Cut flow for the Wy, Zy (m = 500 GeV and 1.1 TeV) signals. All the cuts are described
in detail in this section.

5.3 W*Z — ¢*v ¢+te—

This purely leptonic channel consists of four different signatures: Wy, Zpsr,x with £ = e, pu.
The main background will be W Zjj production from the Standard Model. The analysis starts
by identifying leptonic Z+.- (Z,+,-) bosons as described in Section 4.2.2, after requiring two
leptons with pr greater than 50 and 35 GeV.

As a second step, we proceed to reconstruct the W boson from the highest pr lepton among
those remaining in the event, if there is one, and the measured missing transverse energy, as
described in Section 4.2.3. The solution which yields the highest pr W boson is kept.

The forward and backward jet selection follows the prescription of the Section 4.3 (ppeyt =
20 GeV, Ecut = E2C11t = 300 GeV, Neut = 1.5, ‘nfjet’ > ncentraljet)v Ancut = 4.5).

In Table 8 we present the cut flow of the reconstruction of the resonances for 1.1 TeV and
500 GeV. Also in Fig. 24 and Fig. 25 we present the reconstructed resonance and the background
W Zjj for the same resonance mass.

5.4 ZZ — vv LT~

This scalar resonance can be interpreted as a Standard Model Higgs boson produced by vector
boson fusion. At leading order, the cross-section times branching ratio would be 6 fb, com-
pared to 4 fb obtained for the ChL model. This signal is characterised by a leptonic Z boson
accompanied by large Erp, yielding a large transverse mass. The backgrounds considered are:
4755 — Llvvjj and W Zjj — Lvlljj. Other background can result from Z+jets production,
where the tail of the missing transverse energy distribution can fake a signal.

After selecting the leptonically decaying Z.+.- (Z,+,-) boson as usual, with mass between 85
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Figure 26: Transverse mass of the m = 500 GeV resonance Z,,,, Zy.

ZywZpqq (m = 500GeV) | Wy, Zyjj (SM) | ZyyZyjj (SM)
o (fb) \ eff. o (fb) \ eff. o (fb) ‘ eff.
Zee 0.72 17.6% 20.78 22% 9.1 20%
Zp 0.58 15% 167 | 17% 66 | 15%
Forward jet tagging | 0.58 45% 3.2 8.6% 0.47 3%
FEr > 150 GeV 0.44 5% 0.46 14% 0.12 26%

Table 9: Cut flow for the Z,,Zyqq (m = 500 GeV) signal. All the cuts are described in detail
in this section.

and 97 GeV (83 and 99 GeV), a minimum Jr of 150 GeV is required. For this high value of [,
Z+jets background is expected to be negligible for a Standard Model Higgs boson signal [36].
The forward jet selection is applied (see Section 4.3, preut = 20 GeV, Eoyt = Eyeyt = 300
GGV, Tlcut = 1.5, Ancut = 4.5).

The transverse mass, defined as:

-

mp = (\pr(2)? +m3 + Er)* — (5r(2) + #1)° (1)

is shown in Fig. 26 and the cut flow can be found in Table 9.

6 Results

The significance of the signals and the luminosity required for a possible discovery is estimated
here. From the reconstructed resonance mass distributions in Section 5 one can evaluate the
size of the signal and background in the resonance mass window. Table 10 summarises the
approximate cross-sections expected after the analyses described above. The table also gives the
luminosity required to observe a significant excess over the background, showing the uncertainty
from MC statistics only, and the significance of a signal for an integrated luminosity of 100 fb—.
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Process Cross-section (fb) Luminosity (fb~!) | Significance
signal background | for 3o for bo for 100 fb~1
WW/WZ — lv jj,
m = 500 GeV 0.31 £ 0.05 0.79+£0.26 85 235 3.3+0.7
WW/WZ — v jj,
m = 800 GeV 0.65 £ 0.04 0.87+0.28 20 60 6.3£0.9
WW/WZ — v jj,
m = 1.1 TeV 0.24 £0.03 0.46 £ 0.25 85 230 3.3£0.8
Wi Zge, m = 500 GeV | 0.28 £0.04 0.20 £0.18 30 90 5.3+£19
W, Zee, m = 500 GeV | 0.40 £+ 0.03 0.25£0.03 20 95 6.6 £0.5
Wi Zge, m = 800 GeV | 0.24 £0.02 0.30 £0.22 60 160 3.9+1.2
W;Zg, m = 800 GeV | 0.20 +0.02 0.09 £+ 0.06 30 90 53+£1.3
W;Zy, m = 1.1 TeV 0.11£0.01 0.10 £ 0.06 90 250 3.1+£0.8
Wi Zye, m = 1.1 TeV | 0.070 £0.004 | 0.020 +£0.009 | 70 200 3.6 £0.5
ZyZg, m = 500 GeV | 0.32 +0.02 0.15£0.03 20 60 6.6 £0.6

Table 10: Approximate signal and background cross-sections expected after the analyses. An
approximate value of the luminosity required for 30 and 50 significance, and the expected
significance for 100 fb~! are shown. The uncertainties, when given, are due to Monte Carlo
statistics only.

Because of the large statistical and systematic uncertainties (see Section 7), the numbers given
here must be taken as an approximate indication of the reach of the LHC for such resonances.
The significance is calculated as

significance = \/2((5 +B)In(1+S5/B)-1S5) (2)

where S (B) is the number of expected signal (background) events in the signal peak region,
which is defined as the three consecutive bins (of size given in the figures, chosen to represent
the resolution), with the highest total number of signal events. The background is averaged over
this region.

In the WW case, only the semileptonic channel is accessible. Thus, as shown in Table 10,
around 25 fb~! is needed to start seeing indications of a resonance even in the most optimistic
case studied here, and around 70 fb~! is needed for a discovery.

In the continuum case, the “signal” is spread over an extended mass region with a total
of about 0.3 events expected for each fb~! in the mass range m = 400-1900 GeV, compared
to about 2.5 background events. Measuring this cross-section with any accuracy using the
techniques developed here would required an integrated luminosity of several hundred fb—!.

Since the mass windows for hadronic W and Z boson decays overlap, in practice these
scenarios can probably not be distinguished in this channel, and a combined analysis would in
reality have to be performed, which would then be compared to those channels containing a
leptonic Z boson decay.

For each of the W Z resonances, results of the different channels, Wy, Zpo, W;; Z¢p and Wy, Z;;
can, in principle, be combined. From Table 10, one can conclude that for two of three mass
regions, m = 500 GeV and 800 GeV, a chiral Lagrangian vector resonance can be discovered with
less than 100 fb~!. The expectations with the alternative k| analysis described in Section 5.2.3
are not far from the values in Table 10. As an example, the integrated luminosity needed for 3o
observation of the m = 800 GeV signal is 63fb~!, and of the m = 1.1 TeV signal is 81 b1,
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A scalar resonance at m = 500 GeV will require about 60 fb~! to be seen in the ZZ — vl
channel.

7 Systematic Uncertainties

A number of large systematic uncertainties affect the signals studied here. Because of the small
cross-sections and the important backgrounds, it is difficult to estimate them with precision from
Monte Carlo simulations. Data driven tests will be required to understand better the systematic
effects. Some discussion of the most significant effects is given here.

7.1 Background Cross-sections

As was discussed in Section 2, the renormalisation and factorisation scales, @2, can affect the
cross-section by as much as a factor of two. This is especially true at high centre of mass energies,
where the degree of virtuality of partons and choice of scale for ay are quite critical [37]. At
present this represents a theoretical uncertainty on the current sensitivity estimate. While the
predictions may improve in future, in an eventual analysis, the backgrounds would have to be
measured from data and the eventual size of the associated systematic uncertainty has not been
studied here.

Another consideration is that for the analyses which dynamically move between the dijet and
single jet reconstruction technique for the hadronically decaying vector boson (see Section 4.1),
to evaluate the background with the samples available both W+3 jet and W+4 jet samples
must be used. This implies some double-counting due to the lack of parton-shower matching in
these samples, and so the background will be overestimated. This is in addition to the fact that
as shown in Section 2.4.1, the MADGRAPH samples used overestimate slightly the energy of the
tag jets. The effect is expected to be at the few per cent level.

7.2 Signal Cross-sections

The PYTHIA signal generation produces softer tag jets than the more exact WHIZARD MC, and
thus the signal efficiencies are likely to be underestimated.

7.3 DMonte Carlo Statistics

We are limited by the very large size of the background samples required. Fast MC simulation
was shown to be in good agreement with full simulation and was used to evaluate t¢ background
for the WW signals. In some cases, only upper limits on the backgrounds can be given, al-
though it is expected that these limits are very conservative. Again, this represents a systematic
uncertainty on the current sensitivity estimates, but will not be present in a final data analysis,
assuming sufficient simulated data will eventually be available.

7.4 Pile-up and Underlying Event

Pile-up and underlying event are separate effects which have potentially similar and crucial
impact on the efficiency of the forward jet cuts, the central jet veto and the top veto, as well as
on the jet mass resolution.

Of particular concern is the fact that the top veto in the WW analysis uses jets down to
pr = 10 GeV, expected to be strongly affected by these effects [38]. Simply raising the cut to
20 GeV admits significantly larger background. Some of this can be removed for the higher mass
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resonances by raising the pr cut on the vector boson. However, a more promising approach is
likely to be to exploit b-tagging and improved jet mass reconstruction to improve the veto.

7.4.1 Pile-up

Fully simulated samples with pile-up at low luminosity (1033cm~2s~!) were available, but with
much lower statistics: we restricted the analysis to one signal and one background samples.
However pile-up effects should be approximately independent of the underlying physics sample,
and we assume we can safely generalise the results obtained here.

We compared the same events of the W;; Z; at m = 1.1 TeV sample reconstructed with and
without pile-up simulation. This allows computation of the fraction of events with pile-up having
tagged forward jets with respect to corresponding non-pile-up events which fail the tagged jet
criterion, thus defining a ‘fake’ rate. The reciprocal fraction defines a ‘miss’ rate. The effect
of pile-up increases with increasing jet radius and decreasing energy threshold, as would be
expected. We found that both ‘fake’ and ‘miss’ effects are essentially due to the degradation of
energy resolution in presence of pile-up and that their combination contributes to an uncertainty
on the efficiency of the order of 5%.

7.4.2 Underlying Event

Current simulations use underlying event models tuned to Tevatron and other data [21], but
there is a large extrapolation needed to 14 TeV. The underlying event would be have to be
measured in LHC data, and its level is not currently known.

7.5 Other Systematic Effects

Systematic effects, such as uncertainties in the luminosity, in efficiencies and resolutions, jet
energy scale, etc. are of the order of a few percent and will therefore be completely dominated
by the above effects and by statistical uncertainties.

8 Summary and Conclusion

The Chiral Lagrangian model with Padé unitarisation provides a framework for studying vector
boson scattering at high mass, in case a light Higgs boson is not found at the LHC in the first
years of running. With full detector simulation, the search for vector and scalar resonances
of masses m = 500, 800 and 1100 GeV is studied. To suppress the very high backgrounds
from W+jets and Z+jets to acceptable levels requires special techniques investigated here.
In particular, at these high masses, hadronic vector boson decay results in a single jet. The
reconstruction of the jet mass is found to be generally quite efficient at rejecting QCD jets.
The k; and the cone algorithms can be applied to this heavy jet to resolve it into two light
jets, suppressing further the background. Other conventional techniques for the study of vector
boson fusion are also found essential for the present analysis: forward jet tagging, central jet
veto and top-jet veto.

The cut-based analysis presented here is performed with realistic simulation and reconstruc-
tion of leptons and jets. Improvements can be expected by more sophisticated analysis and,
with real data and a good understanding of the detector, further gains can be achieved by
improvements in the reconstruction efficiencies.

The discovery of resonances in vector boson scattering at high mass will take a few tens
of tb™1, but the different decay channels of the vector boson pairs allow a cross-check of the
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presence of a resonance. These results can be considered generic of vector boson scattering
and can therefore be interpreted in terms of other theoretical models with possibly different
cross-sections.
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Abstract

Models with extra space dimensions, in which our Universe exists on a 4-dimensional
brane embedded in a higher dimensional bulk space-time, offer a new way to address out-
standing problems in and beyond the Standard Model physics. In such models the Planck
scale in the bulk can be of the order of the electroweak symmetry breaking scale. This allows
the coupling strength of gravity to increase to a size similar to the other interactions, opening
the way to the unification of gravity and the gauge interactions. The increased strength of
gravity in the bulk space-time means that quantum gravity effects would be observable in the
TeV energy range reachable by the LHC. The most spectacular phenomenon would be the
production of black holes, which would decay semi-classically by Hawking radiation emit-
ting high energy particles. In this note, we discuss the potential for the ATLAS experiment
to discover such black holes in the early data (1-1000 pb—')
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1 Introduction

In this study we simulate the search for black holes in the first 100 pb~! of LHC data with the ATLAS
detector and software framework.

The document’s structure is as follows: Section 2 gives an overview of the extra dimension models,
present limits on the size of the extra dimensions and a discussion of black hole production and decay. In
Section 3 the Monte Carlo simulation samples are described. Section 4 presents basic event properties,
and is followed by Sections 5 and 6 dealing with the triggering and analysis selection, respectively. The
expected systematic uncertainties are given in Section 7. Finally, the extraction of model parameters,
especially of black hole properties, is covered in Section 8. A summary is given in Section 9.

2 Theory

2.1 Theoretical Motivation

The electroweak energy scale and the Planck scale, at which gravitational interactions become strong,
differ by about sixteen orders of magnitude. This large difference between the scales of the two funda-
mental interactions is known as the hierarchy problem. Explaining the hierarchy problem is one of the
outstanding challenges in particle physics.

Arkani-Hamed, Dimopoulos and Dvali (ADD) [1-3], and Randall and Sundrum (RS) [4, 5] have
pioneered approaches to solving the hierarchy problem by using extra-dimensional space. The hierarchy
is generated by the geometry of the additional spatial dimensions. ADD models postulate additional flat
extra dimensions, while RS models invoke a single warped extra dimension. The observed weakness of
gravity is thus due to the gravitational field being allowed to expand into the higher-dimensional space
(bulk), while the Standard Model particles are confined to our familiar three-dimensional space (3-brane).
Extra-dimensional models can also be motivated by string theory.

In extra-dimensional models, the D-dimensional Planck scale Mp is the fundamental scale from
which the Planck scale Mp; = 1.22 x 10'° GeV in four dimensions is derived!). The relationship between
the two scales is determined by the volume of the extra dimensions in ADD models or by the warp factor
in RS models. For large extra dimensions or a strongly warped extra dimension, the fundamental scale
of gravity can be as low as the electroweak scale. If the Planck scale is low enough, black holes could be
produced at the Large Hadron Collider (LHC) [9, 10]. Detecting them will not only test general relativity
and probe extra dimensions, but would also teach us about quantum gravity.

2.2 Experimental Limits

Assuming that low-scale gravity is due to the existence of extra dimensions?), most experimental searches

for unusual low-scale gravity effects have focused on detecting evidence for extra dimensions. Current
experimental limits allow the fundamental scale of gravity to be as low as about 1TeV. In testing the
ADD models and deriving limits in these models, the compactification radius of all extra dimensions is
assumed to be the same. ADD models have been tested at length scales comparable to the radius of the
compactified (i.e. curled-up) dimensions R. Were the effective number of large extra dimensions to be
n = D — 4, the inverse-square law would smoothly change from the 1/7> form for r > R to a 1/r**"
form for » < R. Searches have been performed and constraints on the Planck scale have been set by

1)Several conventions exist for the D-dimensional Planck scale in the ADD model. We denote by Mp the parameter defined
by Giudice, Rattazzi and Wells [6] and used by the PDG [7]: M52 = (27)P~*/(87Gp), where Gp is the D-dimensional
Newton gravity constant. In an alternative convention given by Dimopoulos and Landsberg [8] the D-dimensional Planck scale
Mpy is defined via Mgfz =1/Gp.

2)See Ref. [11] for a model of TeV gravity in four dimensions.
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tabletop and particle accelerator experiments, astrophysical observations, cosmic-ray measurements and
cosmological considerations. Direct searches for black holes at collider experiments have not yet been
performed. The only direct limits on black hole production in high energy interactions were obtained
using cosmic-ray data. Table top experiments lead to an upper bound of R <44 um, at the 95% confidence
level [12]. The LEP bounds obtained with direct searches vary from 1.5 TeV for n = 2 extra dimensions
to 0.75 TeV for 5 extra dimensions [13]. The latest direct search result from the CDF collaboration has
set lower bounds with 1.1 fb~! of Run I data on M, of 1.33 TeV for n =2 to 0.88 TeV for n = 6 [14]. All
four LEP experiments combined set a lower limit on Mp of 1.2 TeV for positive interference, or 1.1 TeV
for negative interference between Standard Model diagrams and graviton exchange [15, 16]. Indirect
searches by the D@ [17] collaboration set lower limits around 1.28 TeV were derived®). Astrophysics
places the most stringent lower limits on Mp in ADD models which however fall sharply with increasing
number of extra dimension [18-24]. Considerations of neutron star imposes the strongest constraints:
Mp > 1760, 77, 9 and 2TeV for n = 2, 3, 4 and 5 extra dimensions, respectively [18]. One should
note that all astrophysical and cosmological constraints are based on a number of assumptions, whose
uncertainties are not included in the limit derivations, so the results are reliable only as order of magnitude
estimates. Ultra high-energy cosmic-ray neutrinos (Ey ~ 10! eV) in their interaction with the Earth’s
atmosphere offer a complementary probe of extra dimensions. Cosmic-rays interact with the atmosphere
and earth’s crust with centre-of-mass energies of the order of 100 TeV. The neutrinos can produce black
holes deep in the atmosphere, leading to quasi-horizontal giant air showers. So far a lower bound on Mp
in the ADD model, ranging from 1.0 to 1.4 TeV for scenarios with 4 to 7 extra dimensions has been set
at 95% confidence level [25]. It is expected that the Pierre Auger Observatory will be able to set more
stringent limits during the first five years of operation; the estimates place Mp = 3 TeV for n > 4 [26].

2.3 Working Model

Our working model for black holes uses the black disk cross-section, which depends only on the horizon
radius. The (4 + n)-dimensional Myers-Perry solution [27], similar to the 4-dimensional Schwarzschild
radius, is chosen for the horizon radius r,. It depends only on the number of dimensions and the Planck
scale. The classical black hole cross-section at the parton level is

A 2
Ogp—BH — TTHy, (1)

where a and b are the parton types. In most cases, we work with initial black hole masses at least five
times higher than the Planck scale at which the expression for the cross section should be valid.

The total cross-section is obtained by convoluting the parton-level cross-section with the parton dis-
tribution functions (PDFs), integrating over the phase space, and summing over the parton types.

Throughout this study we use the CTEQ6L1 (leading order with leading order o) parton distribution
functions [28] within the LHAPDF framework [29]. The momentum scale for the PDFs is set equal to
the black hole mass for convenience.

The transition from the parton-level to the hadron-level cross-section is based on a factorisation
ansatz. The validity of this formula for the energy region above the Planck scale is unclear. Even if
factorisation is valid, the extrapolation of the parton distribution functions into this transplanckian region
based on Standard Model evolution from present energies is questionable, since the evolution equations
neglect gravity and possible KK states in the proton.

The details of horizon formation, and the balding and spin-down phases have been ignored. The
important effects of angular momentum in the production and decay of the black hole in extra dimen-
sions are not accounted for in the Monte Carlo event generator. The black holes are considered as

3)This lower limit uses the Hewett approach for the calculation of Mp and implies a positive interference term A with the

Standard Model diagrams.
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D-dimensional Schwarzschild solutions. Only the Hawking evaporation phase is generated by the simu-
lation.

We can view the Hawking evaporation phase as consisting of two parts: determination of the particle
species and assigning energy to the decay produces. A particle species is selected randomly with a
probability determined by its number of degrees of freedom and the ratio of emissivities. The degrees
of freedom take into account polarisation, charge and colour. The emitted charge is chosen such that the
magnitude of the black hole charge decreases. All Standard Model particles are considered, including a
Higgs boson®). The particles are treated as massless, including the gauge bosons and heavy quarks.

Gravitons have not been included in the simulation, which is another drawback of the current model.
Because the graviton lives in the bulk, the number of degrees of freedom of the graviton becomes sig-
nificant for high numbers of dimensions. In addition, the graviton emissivity is highly enhanced as the
space-time dimensionality increases. Therefore the black hole may lose a significant fraction of its mass
into the bulk, resulting in missing transverse energy.

The energy assignment to the decay particles in the Hawking evaporation phase has been imple-
mented as follows. The particle species selected by the model described above is given an energy ran-
domly according to its extra-dimensional decay spectrum. A different decay spectrum is used for scalars,
fermions and vector bosons, i.e. the spin statistics factor is taken into account. Grey-body spectra are
used without approximations [30]. The grey-body factors depend on the number of dimensions. The
Hawking temperature is updated after each decay. It is assumed the decay is quasi-stationary in the sense
that the black hole has time to come into equilibrium at each new temperature before the next particle is
emitted. The energy of the particle given by the spectrum must be constrained to conserve energy and
momentum at each step.

The evaporation phase ends when the chosen energy for the emitted particle is ruled out by the
kinematics of a two-body decay. At this point an isotropic two-body phase-space decay is performed. In
our simulation, the decay is performed totally to Standard Model particles and no stable exotic remnants
survive.

Baryon number, colour and electric charge are conserved in the black hole production and decay in
this model. Missing transverse energy in the generator comes only from the neutrinos, while in reality
missing transverse energy is also possible due to the lost energy in inelastic production, graviton emis-
sion, a non-detectable black hole remnant and the possibility that the black hole can leave the Standard
Model brane. For the black holes we consider, only a small amount of energy, on average, is lost due to
neutrinos. If gravitons were considered, the average energy loss would be approximately 9% [31].

3 Monte Carlo Simulations

3.1 Production of Signal and Background Events

The event generator CHARYBDIS [32,33] version 1.003 was used within the ATLAS software frame-
work to generate Monte Carlo signal samples. It was interfaced via the Les Houches accord [29] to
HERWIG [34, 35] which provides the parton evolution and hadronisation, as well as Standard Model
particle decays.

Table 1 shows the default CHARYBDIS parameters used, for which approximately 25000 events
were generated. Three other black hole signal samples were generated with variations in the number of
dimensions and in the black hole minimum mass. In all simulations, the parameter MSSDEF was set
equal to 2, setting the Planck scale MPLNCK to be the D-dimensional Planck scale Mpp in the con-
vention of Ref. [8]. The above samples subsequently underwent the full ATLAS detector simulation
and reconstruction. Fast simulation using ATLFAST [36] was employed to widen the range of signal

4>Including a scalar Higgs boson is not significant since it has only one degree of freedom.
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Name Description Value
MINMSS | Minimum mass of black holes 5TeV
MAXMSS | Maximum mass of black holes 14 TeV
MPLNCK | Planck scale 1 TeV
MSSDEF | Convention for Planck scale 2
TOTDIM | Total number of dimensions 6

NBODY | Number of particles in remnant decay 2
GTSCA | Black hole mass used as PDF momentum scale True
TIMVAR | Allow Ty to change with time True
MSSDEC | Use all Standard Model particles as decay products | True
GRYBDY | Include grey-body effects True
KINCUT | Use a kinematic cut-off on the decay True

Table 1: Default parameters used in the CHARYBDIS generator.

samples studied, enabling investigation of the many theoretical uncertainties modelled by generator pa-
rameter switches (see Table 2).

n | mpg(TeV) | o (pb) Note

2 5-14 40.7

2 8-14 0.34

4 5-14 24.3

7 5-14 22.3

2 5-14 6.4 MPLNCK=2
3 5-14 28.5

5 5-14 22.7

2 5-14 40.7 KINCUT=0
7 5-14 22.3 KINCUT=0
2 5-14 40.7 | TIMEVAR=0
7 5-14 22.3 | TIMEVAR=0
2 5-14 40.7 NBODY=4
7 5-14 22.3 NBODY=4

Table 2: Monte Carlo datasets and their respective cross-sections used in this analysis. The first four
samples were simulated using both full and fast simulations; the lower nine samples were simulated using
the fast simulation ATLFAST. The final column shows the CHARYBDIS parameter that was changed
with respect to the reference set shown in Table 1.

Black holes decay democratically to all particles of the Standard Model, so few Standard Model
processes should produce the same particle spectrum. Black hole decays are characterised by a number
of high energy and transverse momentum objects, so the primary Standard Model backgrounds are states
with high multiplicity or high energy jets. The predominant backgrounds to our signal are described
below and their datasets and cross-sections are listed in Table 3. Sizeable samples are required due to
their large cross-sections at the LHC.

* tf leptonic and hadronic decay modes. This process yields the largest contribution to the back-
ground due to its large cross-section at the LHC and the large branching ratio to hadronic final
states. The matrix element calculation is done with MC@NLO [37] and HERWIG is used to
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Process o (pb)

Semi/Fully Leptonic ¢f 463

Hadronic t7 370
QCD dijets 12.84 x 103

W —ev, +jets 281

W — uvy +jets 279

Z — ee +jets 25.8

Z — uu+jets 26.0
Y+ jets 5.00 x 10°

Yy +jets 67.6

Table 3: Background Monte Carlo datasets and their respective branching ratio times cross-sections.

perform the parton shower evolution, parton decay and their hadronisation.

* QCD dijet production. The requirements placed on the hadronic part of the signal events reduces
the contribution from low-p7rQCD jets. This background is generated using PYTHIA 6.4 [38].
Note that the complete QCD inclusive jet production is not fully modelled by the PYTHIA dijet
simulation due to the lack of higher-order QCD contributions. Very low-statistics samples of
multijet samples generated by ALPGEN [39] were also used.

* W — £v +jets production. These backgrounds, though coming from the hard process, have cross-
sections that rapidly become small compared to the signal as more jets are added. Vector boson
plus jets samples were generated using ALPGEN.

* Z — 0l +jets production.

* () +jets production.

3.2 Detector Simulation

The detector simulation and reconstruction of both signal and background Monte Carlo events were
performed within the ATLAS offline framework.

Fast simulation (ATLFAST) was used to widen the range of signal samples studied. The primary
advantage of this is one of processing rate: since no detector interactions are modelled it requires less than
one second per event. In contrast, full simulation requires approximately 15 minutes for typical Standard
Model events, and over 30 minutes per black hole event. Despite this advantage, there are drawbacks:
the fast simulation does not include a complete treatment of lepton isolation and misidentification nor of
photon conversion.

The same generator signal samples were passed through the full and fast simulations in order to
understand the differences in black hole events. Variables ranging from simple multiplicities to event
shapes were compared. Sample distributions of particle multiplicity and Erare shown in Figure 1. The
multiplicity difference is due to differing default jet algorithms; we use a cone algorithm with radius
AR = 0.4 in the full simulation, whereas ATLFAST uses a k, algorithm. Using the same algorithm for
both samples gives very close agreement, nonetheless this discrepancy will have an effect in analyses
dependent purely upon multiplicity information. All other variables investigated showed concordant
results.
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Figure 1: Total particle multiplicity and missing transverse energy distributions for signal samples from
fast and full simulation.

4 Event Properties

The high mass scale, and the thermal nature of the decay process, result in black hole events being
characterised by a large number of high-prfinal state particles, including all the Standard Model fields.
Graviton emission is also expected, but is not simulated in CHARYBDIS. Of the final state particles, the
detector can measure jets, electrons, muons and photons well, and will be able to reconstruct some of the
Z and W bosons. The missing transverse energy, produced mainly by neutrino and graviton emission,
can also be measured. In this section, the data sample with two extra dimensions and black hole masses
above 5 TeV is used as the reference signal sample.

A key feature of the black hole decays is that the Hawking temperature is higher for larger n, for a
given black hole mass. Higher temperature produces higher energy emissions, with the consequence that
the energy is shared between fewer particles. This has a significant effect on the multiplicity and event
shape distributions. Similarly, the samples with a higher black hole low-mass cutoff produce more high
energy final state particles.

4.1 Particle Types and Multiplicities

Figure 2 shows the types of particles produced directly by black hole decay. The vertical axis shows
the average number of particles per black hole decay. From this figure, we see that a heavier black hole
has more decay products. The particle-antiparticle balance is broken by the initial state of two protons
colliding. Moreover, due to conservation of energy and momentum, colour connection etc., a perfect
democratic decay cannot be achieved, e.g., the number of top quarks is smaller than that of ligher quarks.
The possibility of identifying fermions and bosons and determining their branching ratios in black hole
decays was studied in [40].

Figure 3 shows pr and pseudorapidity (1) distributions of particles produced directly from black
hole decays. As expected, the shape depends little on particle type. Figure 4 shows the reconstructed
multiplicity of final-state jets, leptons and photons. Four signal samples are shown for n =2, 4 and 7
with a minimum black hole mass of 5 TeV, and for n = 2 with a minimum black hole mass of 8 TeV. The
figure also compares the reference signal to the backgrounds. The multiplicity in the signal falls as n
rises, because the black holes decay at a higher temperature.
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Figure 2: PDG code of particles emitted from black hole decay for a minimum black hole mass of 5 TeV
and n = 2, 4 and 7 and for a minimum black hole mass of 8§ TeV and n = 2. The vertical axis shows
multiplicity per black hole decay.
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Figure 5: Circularity calculated from reconstructed objects for (left) black hole samples and (right)
backgrounds.

4.2 Event Shape

At first sight, one would expect black hole events to be very different from the background in event
shape variables [38,41,42] such as sphericity, because of the high multiplicity thermal decay. However,
the event shape of the black hole events varies considerably with n, making such variables less useful
than could be hoped. Though the background distributions show less variation, when these are scaled
by their large cross sections, there is a large degree of overlap, disfavouring their use as a cut variable.
Additionally, our ignorance of the decay modes of the final black hole remnant introduces a significant
systematic effect. In our version of CHARYBDIS, once the mass of the black hole has dropped below
the Planck scale, the remnant decays to either 2 or 4 bodies. We have selected the two-body option for
our standard samples. This means that at high n, where events can reach this stage after few emissions,
the circularity of the events is reduced, and the thrust increased.

The distinguishing power between signal and backgrounds of a selection of event shape variables was
studied; Figure 5 shows the circularity distribution for the same samples as Figure 4; similarly Figs. 6
and 7 show their thrust distributions, sphericity and aplanarity. The expected bias towards more “jet-
like” events is clearly seen at high n. For this reason, we choose not to use event shape variables as a
discriminant in this analysis.
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5 Trigger

The ATLAS trigger and data-acquisition system consists of three levels (L1, L2, EF) of online event
selection [43]. Each subsequent trigger level refines the decisions made at the previous level and may
apply additional selection criteria. The ATLAS trigger is described in detail in ref. [44].

5.1 Triggering on Black Holes

Each black hole produces multiple decay products, including hadronic jets, leptons and photons, as
described in Section 4. The jets typically carry a dominant fraction of the visible decay energy and hence
provide the best option for triggering black hole events.

The response of the jet trigger, as simulated in the current version of the ATLAS detector simulation,
is demonstrated in Figure 8. The plots show the trigger efficiencies for various pr-thresholds as functions
of the jet pr reconstructed offline. For these plots, a match between the jet reconstructed offline and at
the respective trigger level is required. The matching consists of searching for the closest offline jet in
AR = /(An)?+ (A9)?, where An and A¢ are the distances between the reconstructed jet and the trigger
jet in pseudorapidity 1) and azimuth ¢, respectively. To avoid incorrect matching for L1 jets, a modified
criterion is applied: the L1 jet closest in energy to the reconstructed jet is chosen among the jets found
within the AR = 0.5 distance around the reconstructed jet. The shape of the L1 efficiency distribution
for the 800 GeV threshold is due to the saturation of the L1 trigger tower energies at 255 GeV. Events in
which the transverse energy in one trigger tower exceeds 255 GeV are automatically accepted, as larger
values fill up the memory of the L1 trigger analog-to-digital converters.
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Figure 9: Simulated jet trigger efficiencies for black hole events from the signal sample with n = 2 and
m > 5 TeV as functions of the jet prthreshold for a) single-jet trigger, b) 3-jet trigger and c) 4-jet trigger.
The efficiencies are determined for L1 (black), L2 (red) and EF (blue).

The efficiency at each trigger level is determined independently of the decisions at the other levels.
Were the trigger chain to have the same threshold on all levels, the total efficiency would be the con-
volution of the respective functions. The L2 algorithms are based on regions of interest provided by
L1, hence it is not possible to determine their efficiency completely independently of the L1 decisions.
The L2 algorithms were run on all L1 jet Rol starting from the lowest L1 jet prthreshold of 35 GeV.
This is much lower than the thresholds studied, making the L2 decision (shown in Figure 8b) virtually
independent of the L1 efficiency.

The total trigger efficiencies are listed in Table 4 for three signal samples and demonstrated in Fig-
ure 9 for the signal sample with n =2 and m > 5 TeV. The highest efficiency is provided by the single-jet
trigger, which we consider to be the master trigger for the black hole events. The presence of multiple
high-pr jets per event, each of which is likely to pass the trigger, results in very high total efficiencies.
Setting this trigger threshold at 400 GeV will provide greater than 99% efficiency at all trigger levels.
The Standard Model process rate at this threshold is expected to be less than 0.1 Hz at an instantaneous
luminosity of 103! cm~2s~!, which should allow this trigger to run at this threshold without prescaling
for the first few years of LHC data taking. The rate of black hole events is expected to be less than S mHz
at the 103! cm2s~! luminosity. For the start-up running at the luminosity of 10! cm=2s~!, it is planned
to set the highest threshold for the single-jet trigger at 120 GeV, guaranteeing an efficiency of almost
100% for black hole events.

Alternatively, a trigger based on the scalar sum of transverse energies of all recorded decay products
(“sum-E7 trigger”) can be used. No simulation of this trigger is available in the samples used in this
study. Looking at this sum in the offline reconstruction suggests that this trigger would collect nearly
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a) CHARYBDIS: n =2,m > 5 TeV b) CHARYBDIS: n =4,m > 5 TeV

Trigger L1 L2 EF Trigger L1 L2 EF
j100 1 1 1 j100 1 1 1
j400 | 0.997 0.997 0.997 j400 | 0.997 0.997 0.996
3j100 | 0.998 0.998 0.998 3j100 | 0.952 0.952 0.952
3j250 | 0.972 0971 0.971 3j250 | 0.886 0.885 0.885
43100 | 0.985 0.985 0.985 43100 | 0.807 0.806 0.806
43250 | 0.865 0.862 0.862 43250 | 0.612 0.607 0.607

¢) CHARYBDIS: n=7,m > 5 TeV

Trigger L1 L2 EF
j100 1 1 1
j400 | 0.990 0.987 0.985

3j100 | 0.807 0.806 0.805
3j250 | 0.710 0.704 0.704
43100 | 0.525 0.522 0.522
43250 | 0.343 0.341 0.341

Table 4: Simulated jet trigger efficiencies for black hole events as functions of the jet-prthreshold for
different simulation samples.

100% of black hole events for Planck scales above 1 TeV. It is foreseen to run this trigger in the start-up
data taking, unprescaled at the threshold of 650 GeV.

Based on experience from previous collider experiments, one may expect detector hardware problems
at the beginning of data taking. In particular, noisy channels in the calorimeter or trigger electronics may
cause high trigger rates for the single-jet trigger and for the sum-E7 trigger, such that even the highest
threshold triggers have to be prescaled. In such cases, a multijet (3- or 4-jet) trigger is considered for use
until the detector problems are resolved. The efficiencies of such triggers are listed in Table 4.

In the present study, the minimum mass of a black hole is set at 5 TeV or more in order to be safely
above the Planck scale. At lower masses one may expect an increased rate of dijet events described by
a contact interaction. The single-jet trigger or the sum-E7 trigger at the thresholds considered above are
well suited for detecting such signatures. Such events may not, however, be selected by multijet triggers.

The trigger efficiencies, studied here in the simulation, have to be determined from data. An unbiased
determination requires an “orthogonal” trigger, e.g. a trigger based on fully independent information
from that used by the master trigger. A muon trigger which is based solely on signals in the muon
detector should be well suited for such studies.

6 Signal Selection and Background Rejection

6.1 Event Selection

Since all types of Standard Model particles are produced from black hole decay, we make full use of
particle identification information (PID) from our detectors. First we select muons, electrons, photons
and jets, which are called objects in this section. Table 5 shows the details of their selection criteria.
The identification of objects is sometimes ambiguous: e.g., an electron could be simultaneously
reconstructed as a jet. To resolve this, we apply PID to each object, selecting muons, electrons, photons
and jets in that order of priority. Once an object passes the PID criteria in a given category, any remaining
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266 ambiguous assignments are removed if they match the chosen object within a AR of less than 0.1.

Next we select black hole events using these objects as described below. Then we reconstruct a
black hole from all the selected objects for the selected event. The mass of the black hole in an event
is calculated from the four-momenta of the reconstructed final state objects and missing E7, which is
included in the calculation to improve the reconstructed mass resolution:

PBH = Z Pi+<ET7ETx7ETy70) ) (2)

i=objects
— 2 3
MBH = \/ PgH - 3
267 We present two methods to select black hole events. One is based on the scalar summation of pr

268 and the other on the multiplicity of high-pr objects. Both make use of the characteristic of a black hole
260 having large mass. After that, we require a high-pr lepton to reject backgrounds further.

270 Figure 10 shows the scalar summation of the pr of each object, Y |pr|, which demonstrates good
271 background discrimination and high signal efficiency for all black hole samples. We require Y. |pr| to be
272 larger than 2.5 TeV to reject backgrounds. This requirement is relatively unaffected by changes in the
273 model, in particular by changes to the number of extra dimensions n. Figure 11 shows mpy distributions
274 after this requirement. The QCD dijet background is already well suppressed, but we also investigated
275 the effect of a further selection, requiring a lepton with a py > 50 GeV. This resulted in the QCD dijet
276 background being rejected by a factor greater than 10° as shown in Table 6, which summarises the event
277 numbers for an integrated luminosity of 1fb~!. Though the high statistics QCD samples used were
278 generated with PYTHIA, a leading order generator, there were also pr-sliced small ALPGEN multijet
279 samples available. When investigated using the ¥ |pr| and lepton cut method, a very similar, marginally
280 lower number of background events was predicted according to the very limited statistics available.
281 Larger scale studies would be needed to conclude anything more concrete. Poisson confidence limits are
282 used for samples where fewer than 20 events passed the requirements. Signal cross-section errors are
283 statistical only, the theoretical uncertainties are large as discussed in Section 2. %)

284 An alternative selection procedure was also used. Figure 12 shows the pr distributions of the leading,
285 2nd-, 3rd- and 4th-leading objects out of all the selected objects. The 4th-leading object still has larger pr
286 in the signal events than in the background events. We require the number of objects with py > 200 GeV
287 to be equal to or greater than four. Figure 14 (left) shows mpy distributions after this requirement. Since
288 QCD processes still remain large, a lepton requirement is again used to decrease it. Figure 13 shows the

5)In the case of two hadronic subsamples (¢#7 and dijets) where very few events passed the Y |pr| requirement, the lepton

requirement rejection factor was applied to the Y |pr| requirement’s Poisson bound to estimate the background distribution

Cerror.
(a) muon (b) electron
In| < 2.5, pr > 15GeV In| < 2.5 except for 1.00< |n| <1.15, 1.37< |n| <1.52
Central track match (0 < x2 < 100) pr > 15GeV
Isolation E7 cone0.2 < min(100,0.2p7r +20) GeV medium selection [45]
(c) photon (d) jet

In| <2.5, pr > 15GeV
tight selection [45]
Isolation ET7 cone0.2 < 02PT +20 GeV

Cone algorithm (R = 0.4) based on calorimeter towers
In| <2.5, pr >20GeV

Table 5: Particle selection
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Figure 10: ¥ |pr| distributions for (left) black hole samples and (right) backgrounds (QCD dijet, ¢7 and
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Figure 11: Black hole mass distribution with a requirement ). |pr| >2.5 TeV (left), and black hole mass
distribution with an additional requirement on the lepton-p7r of pr > 50 GeV (right). The signal sample
with n =2 and m > 5 TeV and backgrounds are shown.

Dataset Before selection Y |pr| >2.5TeV After requiring a lepton  acceptance
(fb) (fb) (fb)
n=2,m>5TeV 40.7+0.1x10° 39.24+0.3 x 10’ 18.6+0.2 x 103 0.46
n=4m>5TeV 243+0.1x10° 22.640.2x 103 6668 + 83 0.27
n=7m>5TeV 223+0.1x10° 20.1£0.2x10° 3574460 0.17
n=2m>8TeV 338241 338.142.5 212416 0.63
i 833100 x 103 23.611%2 8.2"243 9.8 x 107°
QCD dijets 12.8+£3.7 x 10° 58991773 53738 4.3 %1077
Wiy +>2jets  1.940.04 x 10° 12.3779 4.671533 2.4%x107°6
Zy+>3jets  51.8+1x 103 2.75130% 2.5710% 5.0% 1073

Table 6: Acceptance for each signal and background dataset in fb after requiring Y |pr| >2.5 TeV, and a
lepton with py > 50 GeV.
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Figure 12: pr distributions of leading (top left), 2nd- (top right), 3rd- (bottom left) and 4th-leading
(bottom right) objects out of all the selected objects for the signal sample with n =2 and m > 5 TeV and
backgrounds (see Table 7).

distribution of the highest pr lepton (muon or electron). As expected, the number of leptons from QCD
processes is small. Requiring the number of leptons (muons or electrons) with pr > 200 GeV to be equal
to or greater than one results in the mpy distributions shown in Figure 14(right).

The shape of the background in the region of high mpy was fitted with a gaussian plus an asymmetric
gaussian (Figure 15) and that function is used to estimate the number of background events.

CHARYBDIS does not include graviton emission. In practice this, and the energy lost in gravita-
tional interactions during the balding phase, would be another source of £7. Consequently we expect
CHARYBDIS to underestimate this for black hole events. Nonetheless, each of the black hole samples
studied in this analysis often have very wide distributions of £r, with tails extending out to several TeV.
This property of models with black holes is most unusual and hard to reproduce in other new physics
scenarios, and should make it possible to distinguish between Black Holes and the majority of SUSY
models for example.

A requirement on Fr above ~ 500 — 600 GeV was studied as an alternative to a lepton requirement
for black hole signal selection. Figure 16 shows the potential of this method, and contrasts these models
with three common supersymmetric models of different cross-section and mass scale. Despite the early
evidence for the presence of black holes, there are disadvantages to relying on such a selection. Firstly,
our ability to reconstruct the black hole’s mass is aided by limiting £7 to be under 100 GeV (Figure 22).
Such a signal from high £7 events would be dominated by those events reconstructed most poorly, lim-
iting their use for cross-section measurement and discovery. The theoretical uncertainties are large and
difficult to quantify, and finally there are experimental difficulties in calibrating and accurately measuring
this variable across a wide energy range.

129



DISCOVERY REACH FOR BLACK HOLE PRODUCTION

N ]
S10°E ATLAS = HE
v F —Qcp ]
L% 103 T Other BG —
a E 3
% | i
@10°E 3
10 3
1 3
. L L L x . 1 x bt o L L L \7
1070200 400 600 800 1000 1200 1400 1600 1800 2000
Pi[GeV]

Figure 13: py distributions of the leading lepton (electron or muon) after requiring the number of ob-
jects (electron, muon, photon or jet) with pr > 200 GeV to be larger than 3 for the signal sample with
n =2 and m > 5 TeV and backgrounds (see Table 7).
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Figure 14: Black hole mass distribution for the signal sample with n =2 and m > 5 TeV and backgrounds
(see Table 7) after multiplicity requirement of at least 4 objects with pr > 200 GeV (left plot) and an
additional requirement of a lepton (electron or muon) with pr > 200 GeV (right plot).

Dataset Before selection  After multi-object  After lepton requirement  Acceptance
(fb) requirement (fb) (fb)
n=2,m>5TeV 40.7 x 10° 38.9+0.4 x 10° 14.04+0.2 x 103 0.34
n=4m>5TeV 24.3 x 103 17.940.3 x 10° 45214126 0.19
n=7m>5TeV 22.3 % 10° 9953 4+ 185 1956 + 82 0.087
n=2,m>8TeV 338 338 +4 164 +3 0.49
1 833 x 10° 129£27 36157 43x107°
QCD dijets 12.8 x 10° 38.9+1.9 x 10° 613" 5.6x1077
Wets 560 x 10° 99283 56775 1x1073
Z+jets 51.8 x 10° 29+ 19730 4x107*
Y(y)+ets 5.1%10° 285187 0ry’ <107

Table 7: Acceptance of the 4-object requirements for each dataset in fb. 90% confidence limits are used
when no events passed the requirements.
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Figure 16: The left hand plot shows the missing transverse energy distributions after a ' |pr| > 2.5 TeV
requirement. A requirement of £7> 500 GeV would leave negligible background and a large number of
signal events for all samples. The right hand plot compares two black hole samples with three supersym-
metric models with a range of mass scales; the two classes of models can easily be distinguished by their
differing cross-sections and the extent of the £ tail.
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6.2 Discovery Reach

Producing a robust discovery potential for black hole events is difficult, because the semi classical as-
sumptions used to model them are only valid well above the Planck scale. Close to the Planck scale,
events may occur due to gravitational effects with lower multiplicities, but without the signatures antic-
ipated by our event selections. As the energy rises above the threshold needed for black hole creation,
our requirements should become more efficient. Lack of theoretical understanding makes it impossible
to model this threshold region.

To account for this, we impose a lower requirement on the true mass of black holes created in our
simulated samples, BH;j.s, normally set at 5 TeV, and we do not attempt to account for any additional
signal from lower masses. In order to estimate the discovery potential, two methods have been consid-
ered:

1. we keep our signal selection requirements constant, and increase the value of BH,,.s,. Since the
analysis requirements are unchanged, the background remains constant, while the signal drops as
the production of events occurs at higher mass. We then evaluate the luminosity required to detect
a minimum of 10 signal events, with S/v/B > 5, assuming the production cross-section is as high
as predicted. Such a study is shown in Figure 17, using the X|pr| and lepton requirements. This
method produces conservative limits, taking some account of the uncertainty in the production
cross-section near the threshold.

2. We keep the production model unchanged with BHyj,,..;;, = 5 TeV, but apply an additional require-
ment on the reconstructed black hole mass. This requirement reduces substantially background
events, while allowing the higher mass signal to pass unchanged. This is less conservative, since it
allows black hole signal events to be produced at low mass, but to migrate above the reconstructed
mass requirement because of the detector mass resolution, hence increasing the signal. As be-
fore, we use the nominal value of the production cross-section, and evaluate the luminosity needed
to meet our discovery criteria, this time as a function of reconstructed mass. A study using this
method is shown in Figure 18 using the 4-object and lepton requirements.

The two approaches are complementary and illustrate the uncertainties in different ways. We observe
that the search reach is limited eventually at high mass by the falling production cross-section, reflecting
the falling parton luminosity and the limited energy of the LHC. We conclude that, if the semi classical
cross-section estimates are valid, black holes can be discovered above a 5 TeV threshold with a few pb~!
of data, while 1 fb~! would allow a discovery to be made even if the production threshold was at 8 TeV.

7 Systematic Uncertainties

7.1 Signal uncertainties

We have investigated the systematic uncertainties using fast simulation runs, having checked that the full
and fast simulations agree well for this purpose.

There are a number of theoretical parameters associated with CHARYBDIS which can generate
systematic errors in the estimates of the acceptance for signal events. These are:

* The kinematic cutoff. This parameter is normally true, and causes the generator to end thermal
emission if an unphysical emission is randomly selected. The generator moves immediately to the
final remnant decay phase. This approximation deteriorates at high numbers of extra dimensions
because of the high temperature and emitted particle energies. We have investigated the alternative,
where a new emission is selected until a physical one is chosen. In this case, thermal emission will
continue until the black hole mass falls below Mpy..
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Figure 17: Discovery potential using Y |pr| and lepton selections: required luminosity as a function of

black hole mass threshold.
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Figure 18: Discovery potential for black holes with the 4-objects and lepton requirements with systematic
uncertainties: required luminosity as a function of a requirement on the reconstructed black hole mass.
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» Temperature variation. The Hawking temperature of the black hole is normally allowed to increase
as its mass decreases, as expected if the black hole has time to equilibrate between decays. We
have investigated the alternative of keeping the temperature fixed at the initial value, as would be
the case if the black hole decayed very quickly or “suddenly” (see Table 8).

* Number of extra dimensions. In addition to our full simulation samples with n =2, 4 and 7, we
have simulated n = 3 and 5 with the fast simulation. As noted above, the events become more
jet-like at high n and the particle multiplicity drops (see Figure 20), due to the increased Hawking
temperature. Our signal selection remains robust, as shown in Table 8.

* Planck scale. We have investigated changing the Planck scale from its default value of Mpy, =
1 TeV to 2 TeV. We note that, since the model is only valid for black hole masses much larger than
the Planck scale, this scenario is not well modelled in the range of masses accessible at the LHC.

* Remnant decay. We have investigated changing the remnant decay model from a two-body to a
four-body mode (see Figure 20).

Figure 19 shows the effect of changing the kinematic cutoff on the particle multiplicity and ¥ |pr|
distributions. Since the black hole is forced to decay thermally until it falls below Mpy, the multiplicity
is higher, and the events have lower energy emissions. The total energy remains constant, however so the
Y |pr| distribution is relatively stable.
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Figure 19: Particle multiplicity and Y | pr| distributions, showing the variation when the kinematic cut-off
parameter is changed.

The acceptance of the signal for various parameter choices are shown in Table 8. Compared to the
standard full simulation, the largest effect is observed for high n, when the kinematic cut-off parameter
is changed. This is as expected, since this parameter has a large effect on the evolution of the black hole
during its decay. Similarly changing the remnant decay from 2 to 4 bodies has a large effect at high n;
the effect of this, and of changing number of extra dimensions is shown in Figure 20.

7.2 Uncertainties on detector performance

Two kinds of systematic uncertainties on detector performance were studied. One is an uncertainty on
lepton identification efficiency. To estimate this effect, we loosened and tightened particle identification
selections, by changing the hadronic leakage for electrons and the isolation cut for muons. The changes
in signal efficiencies are around 2%.

The effect of a 5% error in the jet energy scale (JES) was also considered. The effect of these
uncertainties on the discovery potential is shown in Figure 18.

134



382

383

384
385
386
387
388
389
390
391
392

393

395

396

397
398
399
400

401

DISCOVERY REACH FOR BLACK HOLE PRODUCTION

= F —— = = F —
[ C n=2 u ) C n=2, 2-body remnant
0.14[~ —n=3 5 0014~ n=7, 2-body remnant
- L n=4 B = F n=2, &-body remnant
20.12~ n=5 N ol N e I e n=7, 4-body remnant
E [ b ey L =’ § E T e AL
é 0.1— - 2 0.1— -]
0.08— = 0.08 =
0.06F = 0.06]~ =
0.04F- 4 0.04f =
002 = 0.02f =
E.b e — E A T S S J

% 5 10 15 20 25 % 5 10 15 20 25
Particle Multiplicity Particle Multiplicity

Figure 20: Particle multiplicity distributions, showing the variation produced by a change in the number
of extra dimensions, or the number of particles produced by remnant decay.

n | Full Sim Fast Sim Kin. Cut off Tg-variation off 4-body remnant

2 45.8 429 47.2 48.7 479

3 - 332 - - -

4 27.4 26.6 - - -

5 - 21.7 - - -

7 16.1 15.9 29.2 16.6 27.4
Table 8: Signal acceptance (%) for different model assumptions.

8 Results

8.1 Search Reach for Black Hole Production at the LHC

The studies presented show that the ATLAS detector is capable of discovering the production of black
holes up to the kinematic limit of the LHC, assuming that the signal is correctly modelled. This con-
clusion is largely based on the predicted huge production cross-section, and the small background from
QCD dijjets at very high-pr, especially when the presence of a high energy lepton is required. How-
ever, both of these assumptions are suspect. The high production cross-section is subject to considerable
discussion in the literature, as discussed in Section 2. Moreover, until the LHC has measured the QCD
cross-section at 14 TeV, we cannot be certain of the tails of the QCD distributions. The Monte Carlo
simulations of these tails are working at the limit of their validity, given the high energies and large
multiplicities involved.

For these reasons, we prefer not to place too much weight on the detailed search reach limits. In-
stead, we confine ourselves to the statement that, with current understanding, the black hole signature
considered should be clearly visible if it exists.

8.2 Determination of Model Parameters

We have considered the possibility of extracting model parameters from the data, should a signal be
observed. There are two key parameters: the Planck scale Mp (or Mpr, depending on the convention)
and the number of extra dimensions n. In Ref. [46,47] a method was proposed to extract Mp from the
cross-section data, which fixes the Planck scale (within the model assumptions), and from events with
high energy emissions.
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The Hawking temperature 7y of the black hole depends on n. If we detect events with emissions
near mpy /2, the energy of those emissions is a measure of the initial 7. Hence, over the sample of
black holes, the probability of such emissions is a measure of the characteristic temperature, and can
be used to extract n. This method was first put forward in Ref. [46], and here is made compatible
with the need for background rejection requirements. The requirements described in Section 6 are not
appropriate: the lepton requirement biases the selected events in favour of final states with many particles,
and hence against those events with a single high energy emission. A suitable requirement was found to
be Y |pr| > 3.5 TeV; this removes the background without biasing the signal events selected.

Figure 21 shows the probability of a hard emission for two samples, compared to the predictions.
The method requires accurate mass resolution, and so an additional requirement on £7< 100 GeV is
applied. The addition of this requirement lowers the efficiency noticeably, but does improve the black
hole mass reconstruction; details of the resolution and efficiency can be found in Figure 22. The data are
consistent with the expected value of n, but due to this reduction in signal efficiency, more data would
be required to make a definitive measurement. It should be noted that this measurement requires the
Planck scale to be known. If this cannot be determined from the production cross-section, it is likely that
the threshold behaviour near the Planck scale would provide an indication of its value. At present, no
theoretical model exists to allow us to make predictions in this region.

8 FATLAS + n=7 BH Signal S  FATAS \T 77T TTTTTTTTT 4 n=48H signal
O 05— ~f+— —— n=6 Upper Limit 0 0.14 HL —— n=5 Upper Limit
r N n=6 Lower Limit 0 lZi i """ n=5 Lower Limit
0.4 n=7 Upper Limit e n=4 Upper Limit
T n=7 Lower Limit O.l} n=4 Lower Limit
0.3~ = 0.08 =
0.2; { 0.06; % *:
F 3 0.04— i 4
0.1+ = oort + ]
F L 1 2t I B
) R R RS R B Rt e S e B o) R R WY B o e R S J
5000 6000 7000 8000 900 10000 5000 6000 7000 8000 9000 10000
Reconstructed BH Mass [TeV] Reconstructed BH Mass [TeV]

Figure 21: The probability of a hard emission near mpy /2 for n =7 and n = 4. The bands show the ex-
pected range for n =7 and n = 6, and for n = 5 and n = 4, respectively, for a luminosity of approximately
0.75 b 1.

9 Summary

The search for black holes in the first 100 pb~! of LHC data with the ATLAS detector and software
framework was simulated.

We summarised the current experimental limits on black hole production and studied with the help
of the black hole event generator CHARYBDIS and Standard Model Monte Carlo data sets the basic
event properties, trigger and selection efficiencies, theoretical and experimental uncertainties of black
hole production at the LHC for a flat ADD extra dimension scenario with the Planck scale Mp;, = 1 TeV.
We have explored the uncertainties inherent in the theoretical modelling and our understanding of the
detector. We conclude that, if the semi-classical cross section estimates are valid, black holes above a
5TeV threshold can be discovered with a few pb~! of data, while 1 fb~! would allow a discovery to be
made even if the production threshold was 8 TeV.
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Normalisation | Mean (GeV) | Resolution (GeV)
Without Narrow 1018 +£26 —217+£5 276 £9
Errequirement | Wide 276 £30 —148+9 722 +13
With Narrow 318+12 —116+£8 215+9
FErrequirement | Wide 108 +£7 118+ 18 635+ 16

LN L L L L I L L L

“21600F 3

400 -
200 ]
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Figure 22: Black hole mass resolution distributions and their fits to double Gaussian functions, using a
Y |pr| and lepton requirement (1fb~'). The upper curve is without a Ercut. The lower curve has an
additional requirement on £7< 100 GeV.
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